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Abstract iv
ABSTRACT
Traditionally, dendrimeric and polymeric macromolecules have been pieced 
together using the strength of covalent and metal coordinative bonds. The incorporation 
of non-covalent interactions within these polymers may prove interesting in the 
fundamental role that interlocked components play in entanglements, rheology, elasticity 
and mechanical properties of the polymers in which they will be incorporated.
The focus of this thesis is to explore the incorporation of the 1,2- 
bis(pyridinium)ethane (Loeb) rotaxane motif into various polymeric and dendrimeric 
architectures and study how these new interpenetrated and interlocked components affect 
the properties of the resulting systems.
A series of molecules possessing both recognition elements covalently bound to 
one another, in a daisy chain fashion, were synthesized in order to study their self- 
complexing and oligomerizing abilities in competitive and non-competitive solvents. 
Proton nuclear magnetic resonance ('H NMR) spectroscopy and high resolution 
electrospray ionization mass spectrometry (ESI-MS) were used to characterize these 
compounds and study their polymerization behavior.
The same rotaxane motif was then used to synthesize a series of branched 
[«]rotaxanes. [2]-, [3]- and [4]Rotaxanes were obtained using a threading followed by 
stoppering approach and subsequently characterized by 'H NMR spectroscopy and ESI- 
MS. Isolated product yields and product distributions are discussed with respect to the 
core size and macrocyclic arrangement about the core.
To study the effect of incorporating Frechet dendrons as stoppers and as 
macrocyclic appendages into this rotaxane motif, various dendrimeric [2 ]rotaxanes were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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synthesized. By altering the size of the dendrons employed, a !H NMR spectroscopic 
study was performed in a variety of solvents of differing polarity. Their results as well as 
ESI-MS investigations will be discussed.
Finally, Frechet dendrons were incorporated into a series o f [3]rotaxanes and their
[2]rotaxane molecular shuttle counterparts. This was done in order to study the effect 
dendrons have on the translational isomerism of shuttling [2]rotaxane systems. The 
systems were characterized by 'H  NMR spectroscopy and ESI-MS. In addition, the rates 
of the shuttling process as well as the recognition site occupancy were measured using 
variable temperature NMR (VT-NMR) spectroscopy as well as NMR simulation 
software.73 These final results will be presented.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Don ’t Quit v i i
DON’T QUIT
When things go wrong, as they sometimes will, 
When the road you ’re trudging seems all uphill, 
When the funds are low and the debts are high, 
And you want to smile, but you have to sigh. 
When care is pressing you down a bit;
Rest i f  you must...but don’t you quit!!
Life is queer with its twists and turns 
As every one o f us sometimes learns.
And many a failure turns about,
When he might have won i f  he ’d stuck it out.
Don’t give up though the pace seems slow.
You may succeed with another blow.
Often the goal is nearer than 
It seems to a faint and faltering man.
Often the straggler has given up 
When he might have captured the victor’s cup; 
And he learned too late when the night slipped down, 
How close he was to the golden crown.
Success is failure turned inside out,
The silver tint on the clouds o f  doubt,
And you never can tell how close you are,
It may be near when it seems afar,
So stick to the fight when you ’re hardest hit; 
IT’S WHEN THINGS SEEM WORST, 
THAT YOU MUSTN’T QUIT!!!
Author Unknown
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1.1.1 What is Supramolecular Chemistry?
The chemistry o f molecular assemblies and o f  the intermolecular bond, chemistry 
beyond the molecule, the chemistry o f  the non-covalent bond or non-molecular 
chemistry} Regardless of how one chooses to define this relatively new branch of 
chemistry, its aesthetic appeal and multidisciplinary intrigue are qualities having many 
researchers devoting large portions o f their careers to fully understanding. Original ideas 
dating back to the late 1800s paved the way for modem supramolecular chemistry. In 
1893, Alfred Werner’s theory of coordination chemistry introduced the mutual attraction 
required for selective binding to occur. In 1894, Emil Fischer alluded to the ‘lock and 
key’ model demonstrating a necessity for size and shape complementarity between 
interacting species. Finally, in 1906, Paul Ehrlich established the concept of biological 
receptors.
Building on these theories, the 1987 Nobel Prize in chemistry was awarded for the 
supramolecular contributions of Charles Pedersen,2 Jean-Marie LehnJ and Donald Cram4 
for their development of crown ethers (1967), cryptands (1969) and spherands (1973), 
respectively (Figure 1-1).




Figure 1-1 Award winning work of Charles Pedersen2, Jean-Marie Lehn'5 and Donald 
Cram4 for which they shared the 1987 Nobel Prize in Chemistry.
1.1.2 Supramolecular Interactions
The defining feature of supramolecular chemistry is the types of interactions 
involved in holding these complexes together. Molecular chemistry is concerned with 
individual molecules whose parts are connected by traditional covalent bonds. 
Supramolecular chemistry is more complex as it involves the interactions of individual 
covalent entities through various forms of non-covalent bonding interactions. Figure 1-2 
gives examples of the types of non-covalent interactions observed and their relative 
strengths.1 As can be seen, the individual interactions vary in strength however; it is the 
co-operation of numerous non-covalent interactions that gives the supramolecular 
structures their overall strength and stability.
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Hydrogen bonding interactions 
(5-50 kJmol'1)
face to face edge to face
71—71 stacking interactions 
(0-50 kJmol'1)
Figure 1-2 The various forms of supramolecular interactions encountered in this 
thesis along with their strengths.
The above interactions manifest themselves in every day situations outside of the 
examples shown in Figure 1-2. When sodium chloride dissolves in water, ion-dipole 
interactions between the individual ions and water molecules result in a high degree of 
solvation of the ions. The high boiling points of aldehydes and ketones compared to their 
hydrocarbon counterparts can be attributed to dipole-dipole interactions between 
carbonyl groups. Finally the blueprint of life, DNA contains numerous hydrogen bonding 
and 7r-stacking interactions which occur between individual base pairs and pairs of base 
pairs in the ladder like structure, respectively.
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Supramolecular complexes are often spoken of in terms of hosts and guests. If we 
make the analogy to an enzyme in biological systems, the enzyme itself will act as the 
host while the specific substrate acts as the guest. In supramolecular terms, the host 
possesses convergent (directed inwards), binding sites while the guest possesses 
divergent (direct outwards) binding sites, as seen in Figure 1-3 below. A supramolecular 
host-guest complex is formed when complementary binding sites recognize one another. 
Properties of this complex differ from those of the individual host and guest complexes 
themselves.
Host molecule with Guest molecule with Supramolecular Host-Guest
convergent binding divergent binding complex with
sites sites complementary binding
sites
Figure 1-3 Interaction of a host molecule (blue) and a guest molecule (red) to form a 
supramolecular host-guest complex (purple).
Although the scope of this thesis deals with interlocked and interpenetrated 
compounds, the reader is directed towards numerous books and reviews discussing 
additional aspects of supramolecular chemistry.5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Introduction 5
1.2 INTERPENETRATED AND INTERLOCKED MOLECULES
Some of the most intriguing supramolecular complexes are ones where the guest 
is able to thread through and occupy the cavity formed by the host. These interpenetrated 
complexes can further be modified such that the host and guest become permanently 
connected, through mechanical bonds, in an interlocked fashion. Much attention has been 
given to these types of compounds as their incorporation into the working components of 
molecular scale devices capable of performing specific tasks is becoming a reality.6 The 
major focus of this thesis is the study of the interpenetrated pseudorotaxanes and their 
interlocked counterparts, the rotaxanes.
1.2.1 Pseudorotaxanes
Pseudorotaxanes are complexes in which a linear guest {thread or axle) is 
threaded through and occupies the cavity of a macrocyclic host {bead or wheel) forming a 
supramolecular equilibrium complex (Figure 1-4).
—  * 0  ■— 9 "
Thread or Axle Bead or Wheel [2]Pseudorotaxane
Supramolecular Complex
Figure 1-4 Cartoon representation of [2]pseudorotaxane formation.
The naming system adopted for pseudorotaxanes consists of placing a number in 
square brackets in front of the word pseudorotaxane. The number represents the number 
of individual components taking part in forming the pseudorotaxane complex. In Figure
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1-4 the [2]pseudorotaxane consists of one thread component and one cyclic component. 
Figure 1-5 shows cartoon representations of two different [3]pseudorotaxanes, one 
consisting of one macrocycle being threaded by two threads (a) while the other consists 
of two macrocycles threaded onto a single thread component (b).
(a) (b)
Figure 1-5 Cartoon representation of (a) a [3]rotaxane incorporating two threads 
threading one macrocycle and (b) two macrocycles being threaded by one 
thread.
Incorporating the supramolecular interactions described above, numerous 
different recognition motifs have been developed. Each one contains a minimum of one 











Figure 1-6 Examples of different pseudorotaxane recognition motifs using various 
supramolecular interactions: (a) hydrogen bonding, (b) hydrophobic 
interactions and (c) 7i-stacking interactions.
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In Figure l-6 a, the use of hydrogen bonding between a dibenzyl- ammonium 
centre and the polyether oxygen atoms of dibenzo-24-crown-8 (DB24C8) is seen.7 Figure
l-6b demonstrates hydrophobic interactions between cucurbituril and N,N'-bis(4-
the use o f ̂ -stacking interactions between an electron poor bis(bipyridinium) host and an 
electron rich p-alkoxy disubstituted guest. 1-9 Additional examples incorporating metal 
coordination10 and rc-stacking between electron rich hosts and electron poor guests have
1.2.2 Rotaxanes
A rotaxane, like a pseudorotaxane, consists of a linear thread interpenetrated 
through the cavity of a macrocyclic host. Unlike a pseudorotaxane, however, a rotaxane 
is permanently locked in position by the presence of two bulky stoppering groups which 
are large enough to inhibit the unthreading of the macrocycle at ambient temperatures 
(Figure 1-7). This interlocked, mechanically bonded structure can only be disassembled 
by breaking one or more covalent bonds.
Figure 1-7 Conversion from a [2]pseudorotaxane to a [2]rotaxane by the covalent
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The naming of rotaxane systems follows a similar protocol to that used when 
naming pseudorotaxane systems. A general rotaxane complex is written as [njrotaxane, 
where n denotes the total number of individual components (macrocycles and threads), 
making up the complex. For example, the pseudorotaxane shown in Figure 1-4 would be 
transformed into a [2 ]rotaxane (one thread and one macrocycle), whereas the 
pseudorotaxane shown in Figure l-5b would be termed a [3]rotaxane, after stopper 
modification, based on the two macrocycles and one thread of which it is comprised.
The synthesis of rotaxane systems can be accomplished using one of three general 
synthetic approaches: (/) the threading7'9, (z7) the clipping12 or (iii) the slipping10 
approach. The threading approach is most widely used and is depicted in Figure 1-7. This 
approach requires the formation of a pseudorotaxane complex from the mutual attraction 
of a macrocyclic host and thread-like guest. To this equilibrium complex is covalently 
attached two large stoppering groups preventing the dissociation (unthreading) of the
[2]rotaxane. Both the clipping and slipping approach require a prefabricated, capped,
Q QU
Prefabricated I  1 heat [2]Rotaxane
capped thread I  I  Supramolecular Complex
thread (Figure 1-8).
Figure 1-8 Cartoon representation of (a) the clipping and (b) the slipping approaches 
to rotaxane formation.
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The clipping approach (Figure l-8 a), requires a partially formed macrocycle with 
two fimctionalizable ends capable of interacting with the preformed thread through a 
series of supramolecular interactions. The final piece of the macrocycle is then grafted by 
covalently linking the two open ends of the complexed partial macrocycle with some 
other fragment.
Finally, the slipping approach is done using both preformed macrocycle and 
preformed thread. Upon mixing these two entities at ambient temperature, no interaction 
occurs as the stoppers are large enough to prevent the macrocycle from threading. Upon 
increasing the temperature of the system, the macrocycle is able to stretch and move 
around enough to slip over one end of the preformed thread. When the system returns to 
ambient temperature, the macrocycle becomes kinetically trapped as it no longer 
possesses the energy to slip over the large stoppers.
As most rotaxanes come from pseudorotaxane precursors, the non-covalent 
interactions holding them together are the same. Figure 1-9 below gives some examples 
of rotaxane recognition systems employed in the literature. Figure l-9a shows a
[3]rotaxane formed from the riveting of two preformed [2]pseudorotaxanes through their 
pending thiol groups.14 The [3]rotaxane as well as the [2]pseudorotaxane precursor are 
held together by a variety of hydrogen bonds formed between the polyether macrocyclic 
oxygen atoms and the dialkylammonium thread. Hydrophobic interactions are involved 
in holding the cyclodextrin based [2]rotaxane of Figure l-9b together15 while hydrogen 
bonding interactions again are responsible for holding Figure l-9c together.16 Rotaxanes 
formed and maintained through metal-coordination17 and ^-stacking11 interactions have 
also been well studied.
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Figure 1-9 Various rotaxane recognition motifs used in the literature: (a) Busch’s 
anthracene stoppered, sulfur bridged DB24C8/dialkylammonium 
[3]rotaxane, 14 (b) Harada’s cyclodextrin based non-ionic [2]rotaxane15 and 
(c) Vogtle’s hydrogen bonded [2 ]rotaxane. 16
1.2.3 Catenenes
Although they are not discussed further in this thesis, catenanes constitute another 
major subclass of interlocked compounds and are introduced here. The reader is directed 
towards many excellent books and reviews on this topic.1,17'183'19 Catenanes are molecules 
consisting of two or more interlocked macrocyclic rings which are able to separate only 
through the cleavage of one of the rings, much like the links in a chain. They are named 
as [n]catenanes where n constitutes the number of interlocked rings in the structure. Some 
literature examples are shown below in Figure 1-10.






Figure 1-10 Examples of [2]catenanes: (a) Sauvage’s copper-coordinated [2]catenane17 
and (b) Stoddart’s [2 ]catenane formed by the stacking of 7r-electron rich 
hydroquinone rings of bis-para-phenylene-34-crown-10 (BPP34C10) and 
Ti-electron poor pyridinium rings of the bis(4,4'-bipyridinium) tetracationic 
macrocycle.18
1.3 MOLECULAR SHUTTLING SYSTEMS
Q
(a) ------recognition site 1 (b)
 recognition site 2
    non-covalent interactions
Figure 1-11 Cartoon representation of an unsymmetrical [2]rotaxane molecular shuttle.
The single macrocycle is able to shuttle between the two different 
recognition sites upon application of an external stimulus.
The rotaxane systems discussed up to this point have had a single macrocyclic 
entity for each thread recognition site available, i.e.-they have all been saturated systems. 
If a thread is synthesized containing two or more recognition sites and then is threaded
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and capped with only one macrocycle, which recognition site should the macrocycle 
occupy? If the macrocycle prefers one of the recognition sites, would it be possible to 
alter the thread such that the macrocycle would move or “shuttle” from one site to the 
other and/or demonstrate a preference for one recognition site? A number of shuttling 
rotaxane systems of this type have been synthesized in order to answer these very 
questions.20
Thus, a molecular shuttle is a rotaxane system in which a thread possesses two (or 
more) recognition sites between which a single threaded macrocycle must choose to 
interact. When both sites on the thread are the same (degenerate), there is an equal 
distribution of the macrocycle between the two sites due to the lack of preference of the 
macrocycle for one site over the other. This results in a dynamic shuttling system where 
the macrocycle is constantly in motion and constantly occupying equivalent recognition 
sites.
More interesting is the situation depicted above in Figure 1-11. This is a cartoon 
representation of an unsymmetrical shuttle where a difference in the recognition sites 
exists and thus the macrocycle may occupy one site over the other. The macrocycle can 
be set in motion between the sites by altering its preference for the preferred site by 
means of various external stimuli. Chemical,203'1 photochemical,20k,ln and 
electrochemical203’2'™ means have been successfully implemented in order to cause the 
original recognition site to be disfavored, or less favored, than the alternate site. Hence, 
motion of the interlocked components relative to one another occurs. This can be thought 
of as an ON/OFF switch or a binary number (0/1) mimic and the interest these dynamic 
molecules gamer relates to possible information storage applications. An example of an
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acid/base driven molecular shuttle is given below in Figure 1-12. In the absence of acid, 
DB24C8 prefers to occupy the Loeb recognition motif (vide infra) in chloroform.21 When 
acid is added the resulting dialkylammonium (Stoddart’s recognition motif) becomes 
preferred. This switching is a result of the bias DB24C8 has for the different hydrogen 







Figure 1-12 Switching between Loeb and Stoddart recognition motifs in response to 
the presence/absence of acid.
1.4 THE LOEB RECOGNITION MOTIF
The non-covalent interactions holding supramolecular complexes together are 
generally much weaker than the covalent bonds which hold molecular complexes. 
Incorporating numerous supramolecular interactions into a system is often necessary to 
increase the stability of the resulting complex.
Almost 20 years ago, Stoddart found that the common pesticide paraquat (PQT2-), 
was strongly complexed by BPP34C10 through a variety of ^-stacking, hydrogen 
bonding and ion-dipole interactions22 (Figure l-13a). Some 10 years later, Loeb and 
W isner synthesized an isomer of PQT“ , namely l,2-bis(pyridinium)ethane, containing
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a higher charge concentration between the pyridinium nitrogen atoms, and found that it 
was strongly complexed in the cavity of 24-crown-8 (24C8) containing macrocycles 
(Figure l-13b).
Figure 1-13 (a) Stoddart’s PQT27BPP34C10 recognition system22 and (b) Loeb’s 1,2-
bis(pyridinium)ethane/24C8 recognition system.-1
substitution pattern of both the thread and macrocycle for the association of host and 
guest. It was found that the addition of electron withdrawing groups on the thread 
increases its interaction with the macrocycle as the a-pyridinium and ethylene protons 
involved in hydrogen bonding with the macrocyclic oxygen atoms become more acidic. It 
was also found that increasing the number of aromatic groups on the macrocycle, i.e.- 
going from 24C8 to benzo-24-crown-8 (B24C8) to DB24C8, increases the interaction 
further due to added Tr-stacking interactions between the electron rich catechol rings of 
the macrocycle and the electron poor rings of the pyridinium based thread.
(a) (b)
Original pseudorotaxane studies21 showed a marked dependence on the
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When the 4 position of the pyridinium rings were substituted with additional 
pyridine rings (attached by their 4-positions) these pseudorotaxanes were able to be 
converted to interlocked molecules by metal coordinate and covalent modification. This 
led to the synthesis of a variety of rotaxane2̂ , catenane24, polypseudorotaxane25, 
polyrotaxane26 and shuttling systems27 based on this versatile motif (Figure 1-14).
c l ^ —o  « + c l
i cr i n




[2 ]rotaxane molecular shuttle
Figure 1-14 A [3]catenane, a [2]rotaxane and a [2]rotaxane molecular shuttle 
incorporating the Loeb rotaxane motif.
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1.5 SCOPE OF THIS THESIS
Traditionally, dendrimeric and polymeric macromolecules have been pieced 
together using the strength of covalent and metal coordination bonds." The use of non- 
covalent interactions of the rotaxane and pseudorotaxane type has not received broad 
attention.29 Their applications parallel others having been previously realized for 
analogous highly branched and ordered structures in fields such as catalysis/ 0 
supramolecular recognition/assembly processes^ and guest inclusion/transportation. "
Aside from their large aesthetic structures these compounds may prove interesting 
in the fundamental role that their interlocked components might play in entanglements, 
rheology, elasticity and mechanical properties of the polymers in which they will be 
incorporated.^
This thesis describes the incorporation of the Loeb rotaxane motif into a variety of 
polymeric and dendrimeric macromolecular architectures. To begin (Chapter 2), the 
recognition elements of the Loeb motif are covalently bound within a single entity 
creating a series of self-complexing molecules capable of polymerizing into “daisy 
chain” like polymers in solution. Their synthesis, characterization and solution phase 
behavior are investigated.
The recognition motif was then incorporated (Chapter 3) into a series of 
branched [n]rotaxanes (where n = 2, 3 and 4) possessing different sized cores with the 
hope of creating a dendrimer having a mechanical bond at each branching point. The 
synthesis and isolation of these compounds are discussed in addition to the effect that 
different spatial arrangements of the crown ether fragments have on the efficiency of the 
threading process.
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Finally, the amalgamation of this recognition motif with Frechet-type 
poly(aryl)ether dendronsj4 was performed (Chapter 4), to study the effects that 
hydrophobic dendrons have on the solubility of the tetracationic rotaxanes in a variety of 
solvents. To further study the effects dendrons have on various rotaxane systems, 
Frechet-type dendrons were also incorporated into a series of unsymmetrical molecular 
shuttles (Chapter 5). This was executed in order to determine what effects different sizes 
of dendrons would have on the shuttling rate between different sites and if they might 
alter the preference of the macrocycle for one site over another. The synthesis and 
solution phase behavior of the [2 ]rotaxanes were studied in a variety of solvents and the 
dynamic behavior of the [2]rotaxane molecular shuttling systems in acetonitrile (MeCN) 
are reported.
Because this thesis deals with a broad range of macromolecular ideas, a single all- 
encompassing introduction chapter was not undertaken as it could very well span the 
entire length of the thesis. As such, a brief introduction concerning supramolecular 
systems has been presented and a more detailed explanation of the individual 
macromolecular topics will be introduced at the beginning of the appropriate chapters.
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CHAPTER 2
Daisy Chain Oligomers and Polymers
2.1 INTRODUCTION
Conventional polymer chemistry is centered on the interaction of monomeric 
units bound, through the use of covalent bonds, to give polymeric superstructures
rotaxane monomers) but also non-covalent bonds (in between the individual components 
of the rotaxane monomers). The lack of a continuous covalently bonded backbone and 
the incorporation of mechanical bonding into this backbone introduce the potential for 
unusual mobility elements into the polymer framework. Daisy chain polymers represent a 
subclass of poly[«]rotaxanes possessing only non-covalent interactions (hydrogen 
bonding, aromatic stacking and hydrophobic) between individual monomeric units 
(Figure 2-1).
Figure 2-1 Cartoon showing the difference between (a) a non-covalently bound
possessing a wide, and well understood, variety of properties and functions/ 3 
Poly[«]rotaxanes26aj6 are polymers possessing not only covalent bonds (in individual
minim non-covalent bond
covalent bond
acyclic daisy chain polymer and (b) a covalently bound poly[n]rotaxane.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daisy Chain Oligomers and Polymers 19
The term daisy chain is a term used to describe an interwoven chain, usually 
made of flowers, in which each unit acts as a donor and an acceptor for a threading 
interaction/ 7 When considering rotaxane type systems this term can be used to describe a 
compound possessing both a thread and an appropriate macrocycle covalently bound in 
the same molecule. These types of compounds have also been referred in the literature as 
hermaphrodites owing to their similarity to natural hermaphrodites (an organism 
possessing both male and female parts). Such hermaphroditic rotaxane complexes 
possess both the male (thread) and female (macrocycle) portions within one molecule.
Careful design considerations must be taken into account when synthesizing such 
systems. One must ensure that the synthesized monomer is compelled to self-associate in 
an intermolecular fashion (with another monomer) and is prohibited from reacting in an 
intramolecular fashion (with itself). In other words, the monomer must be prevented from 
biting its own tail (Figure 2-2) / 8
QT-
Q~0 " -(P
Figure 2-2 Cartoon illustration representing the difference between (a) intermolecular 
and (b) intramolecular recognition from self complexing monomer 2 -1 .
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Two different propagation pathways are possible as the daisy chain polymer 
grows. If the polymer chain grows in such a way that each additional monomer unit is 
added to the end of the growing chain, a linear or acyclic, daisy chain is produced. Using 
the preferred nomenclature, such a system containing five monomer units would be 
called an [u5]daisy chain. The a implies an acyclic polymer and the five represents the 
number of monomeric units within the polymer. On the other hand, if the last added 
monomeric unit is allowed to interact intramolecularly with the first unit of the polymer, 
a chain-terminating type of mechanism occurs and results in a [c5] daisy chain where c 
accounts for the cyclic nature of the polymer (Figure 2-3).
(b)
Figure 2-3 Cartoon representing the difference between (a) acyclic ([u3]) and (b) 
cyclic ([c2 ]) daisy chain polymers o f 2 -1 .
Because of the dynamic nature of the supramolecular bonds holding the polymer 
together, incorrect or unspecific chain extensions are reversible as the polymer attempts 
to find a local energy minimum. As such, the relative thermodynamic stability of the 
polymers will dictate which morphology will persist in a reaction mixture.
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2.2 LITERATURE EXAMPLES
A variety of non-covalent interactions have been used to assemble daisy chain 
type oligomers and polymers.
Using previous results 9̂,41 and knowing that (E)-4,4'-diaminostilbene 2-2 readily 
forms inclusion complexes with a-cyclodextrins and is effortlessly capped with 2,4,6- 
trinitrobenzenesulfonate 2-4, Lincoln et al. synthesized self-complexing monomer 2-3 40 
In aqueous carbonate buffer at a concentration of 34 mM, monomer 2-3 reacted with cap 
2-4 to give a mixture of the rotaxane dimer 2-6 and the capped monomer 2-7 in a 50 to 1 
ratio. As capping was carried out at a concentration of 3.4 mM in dimethyl formamide 




DMF °2N- 0 - S O 3Na












Figure 2-4 Synthetic protocol for self-complexing monomer 2-3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daisy Chain Oligomers and Polymers 22
Presumably, this has to do with the high degree of complexation that occurs in 
aqueous media which is not as prevalent in a more organic DMF solution. The fact that 
the monomer forms a [c2 ]daisy chain as opposed to any higher cyclic or acyclic 
aggregates is a result of the thermodynamic stability of the pseudorotaxane dimer formed 
prior to the capping reaction. This example illustrates the importance of solvent and 
concentration on the distribution of the final products.









HO S 0 3H 
2-11
Figure 2-5 Synthetic protocol for Janus[2]rotaxane 2-12.
Another cyclodextrin example was brought forward by Kaneda et al., who 
synthesized Janus (from the Roman god of gates and doorways whose picture contains a 
two faced head with both faces looking in opposite directions) rotaxane precursor 2-9 
(Figure 2-5).42 When analyzed in a 6:1 mixture of deuterated methanol (CD3OD) to DiO 
at 23 °C, the pseudorotaxane dimer 2-10, as well as the original monomer 2-9 were seen
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in the 'H NMR spectrum. Upon heating the mixture to 55°C, only peaks corresponding to
2-9 were observable, illustrating the temperature dependence on monomer complexation. 
Going to a more polar 1:1 mixture of solvents drives the complete complexation as 
signals belonging only to dimer 2-10 are observed. The conversion to the interlocked 
dimer 2-12 was carried out by covalently attaching 2-naphthol-3,6-disulfonic acid 2-11 to 
the ends of the interpenetrated dimer 2-10 through bis-azo coupling reactions (Figure 2-
5). Its interlocked rotaxane nature was confirmed by the preservation of NMR signals as 
the sample was heated to 90°C. Controllable threading and unthreading of a similar 
system was also accomplished.4211
Metal-coordinative bonds have been used by Sauvage6f-4ja'e to construct 
hermaphrodite type monomeric compounds capable of self-complexation.4jcde In 
addition, the building up of these monomers, to include two different recognition sites, 
has led to contraction/expansion cycles reminiscent of biological muscle fibres (Figure 2-
6 ). The analogy is that these molecular muscles glide along one another, in response to a 
stimulus, in much the same way as myosin glides along actin within muscle fibres in the
recognition site 1 
recognition site 2
Minimi non-covalent bond
Figure 2-6 Cartoon representation of a molecular muscle in (a) the contracted form 
and (b) the expanded form.
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A A
Hermaphrodite monomer 2-15 was synthesized from macrocycle 2-13 and 3,8- 
diphenol-2,9-dimethy-l,10-phenanthroline 2-14 as thread, under basic conditions [cesium 
carbonate (CS2CO3), DMF, 50°C] in 51% yield 4jcd When mixed with a stoichiometric 
amount of [Cu(CH3CN)4]PF6 a [c2]daisy chain complex was observed (Figure 2-7). The 
intramolecular tail-biting reaction, i.e., a [cljdaisy chain, is prohibited as the 3,8- 
diphenol-2,9-dimethy-l,10-phenanthroline 2-14, is too rigid and is attached to the 
macrocycle by too short a linker to allow this interaction. !H NMR spectroscopy and X- 
ray crystallography in addition to mass spectral data confirmed the interpenetrated nature 














Figure 2-7 Synthetic protocol for metal induced dimerization of self-complementary 
monomer 2-15.
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Initially, in looking at the NMR spectrum and the thin layer chromatography 
(TLC) sheets, it was apparent that the cyclic dimer was not the only thing in solution as 
there were spots and peaks corresponding to a variety of cyclic and acyclic, kinetically 
formed, copper(I) complexes. As the reaction was allowed to proceed (48 h), the various 
species converted themselves to the thermodynamically favorable [c2 ] dimer in 
quantitative yield. This phenomenon is proof that the supramolecular nature of these 
complexes allows for error fixing until a local energy minimum is attained. This system 
has been extended by the addition of a tridentate terpyridine site to enable the possibility 
of contracting and expanding polymers. 6f'10d'4jabde'45'46
Figure 2-8 (a) Hydrogen bonding based plerotopic monomer 2-17 and its [c2]daisy
chain complex 2-18 (b) X-ray crystal structure showing interpenetrated 
nature of 2-18.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daisy Chain Oligomers and Polymers 26
Hydrogen bonding has also been extensively used to assemble these 
hermaphroditic complexes. Using the well know recognition 6̂6,47 of DB24C8 for 
dibenzyl ammonium salts, Stoddart48,49 has synthesized a plerotopic (self- 
complementary) monomer 2-17, possessing a dibenzyl ammonium thread covalently 
attached to a DB24C8 macrocycle (Figure 2-8).
'H NMR spectroscopy was used to verify the interpenetrated nature of the 
resulting compound. Downfield shifted peaks, corresponding to hydrogen bonding 
between the ammonium protons and a polyether oxygen atom from the crown ether as 
well as upfield shifted peaks resulting from n-% stacking interactions between the 
ammonium bearing catechol rings are indicative of interpenetration/ 66,47 X-ray 
crystallography50 and liquid secondary ionization (LSI-MS) were used to identify the [c2] 
nature of this daisy chain as well as eliminate the thought of any higher order oligomers 
in the product mixture. The [c2]daisy chain obtained demonstrates the difficulty in 
overcoming the enthalpic and entropic costs needed to generate infinite supramolecular 
arrays in non-covalent synthesis which is governed by thermodynamic control.
A synthetic strategy, incorporating pre-formed molecular components, has also 
been used by Stoddart52 to fabricate mechanically interlocked daisy chain molecules. The 
reaction of a dibenzylammonium thread possessing a stopper (4-r-butyl or 3,5-di-t-butyl) 
at one end and a benzyl bromide functionality at the other end reacted with 
triphenylphosphine in the presence of a formyl containing 24C8 or 25-crown-8 (25C8) 
crown ether to give the [2]rotaxane 2-20 or 2-21, respectively (Figure 2-9). The fact that 
the yield of the 25C8 containing 2-21 is lower (30%) than its 24C8 counterpart (80%) is 
likely due to the lower binding affinity of bis-meta-phenylene-25-crown-8 (BMP25C8)
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towards dibenzylammonium compounds when compared to DB24C8.llf Containing both 
components necessary for a Wittig reaction in the same molecule CPPhs and aldehyde),
2-20 was reacted at 5 mM in methylene chloride (CH2CI2) under standard Wittig 
conditions [sodium hydride (NaH), tetrahydrofuran (THF)] for six days. The lack of 
starting material signals in the ]H NMR spectrum was taken as evidence of the formation 
of cyclic oligomers as acyclic oligomers would yield peaks corresponding to the "TPPhs 
and aldehyde protons of unreacted monomers.
2-19
PPh3
2-20 contains a 24C8 ring and 
4-t-butyl as the stopper
1) NaH / CHoCl, (5 mM)
2) NH4 PF6  /  H ?0
3) PtOi / H2
4) NH 4 PF6  / HoO
2-23
2-22 contains a 24C8 ring and 
4-t-butyl as the stopper
Figure 2-9 Threading followed by stoppering followed by stopper exchange protocol 
used in the formation of [c2]daisy chains 2-22 and 2-23.
Fast atom bombardment (FABMS) information confirmed the presence of only 
monomers and dimers in the reaction mixture. The dimers exist as cycloenantiomers^ but 
it was impossible to separate the mixture into individual enantiomeric components. As a
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result, the 25C8 version 2-21  was analyzed. 3,5-Di-t-butyl was used as the stopper in this 
case because 4-r-butyl was previously shown to behave as a slippage stopper with 
BMP25C8. When polymerization was performed as with 2-20, similar results were 
obtained, i.e.-cyclic monomers and dimers were the products. As time passed, the cyclic 
monomer was observed to be converted to the acyclic monomer through rotation of the
resorcinol ring about the C 0  bonds. In order to synthesize oligomers with higher
nuclearities (higher than dimers), the same reaction was done at 100 mM. When analyzed 
by FABMS, signals for oligomers up to pentamers were seen. The fact that a pentamer 
was the largest oligomer formed, at such a high concentration, indicates that it is very 
difficult to overcome solubility problems associated with the formation of neutral 
intermediates under these conditions.32
2.3 OUR APPROACH
It can be seen in the above examples that there are many issues that need to be 
addressed when developing a monomer capable of self-complexation. Incorporation of 
the Loeb recognition motif2Ia”jab'25'26c’5:> into daisy chain type polymer systems might aid 
in alleviating some of the problems encountered with these types of systems (Figure 2- 
10). For example, this design may eliminate the formation of the thermodynamically 
preferred [c2 ]daisy chain as the hinge attaching the thread to the crown is likely too short 
to enable favorable self-complexing geometries. In addition, the versatility of this system 
(variation of R groups on the thread) should enable the association of the thread and 
crown to be increased as needed to enable large associations and result in higher order
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polymeric structures. The synthesis and polymeric studies of these new systems will be 
discussed.
Figure 2-10 Conceptual conversion of the Loeb recognition motif into a daisy chain 
monomer capable of self-complexation.
2.4 RESULTS AND DISCUSSION
2.4.1 Synthesis and Characterization of Plerotopic Monomer Precursors
The plerotopic monomer precursors (macrocycle and thread) were each 
synthesized and characterized independently and then covalently linked to form 
hermaphroditic compounds 2-3 4 [PF6]3, 2 -3 5 [PF6]3, 2-36 [PF^k and 2 -3 7 [PF6]3- A 
chloromethyl-functionalized DB24C8 was chosen as the macrocycle as it was believed to 
possess a short enough hinge to prevent intramolecular (biting its own tail) interactions 
between the macrocycle and the pending thread. Aldehyde 2-26 was synthesized 
according to a modified literature procedure49 and was subsequently modified to give the 
desired chloromethyl-DB24C8 precursor 2-28 according to Figure 2-11. Catechol was
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reacted with 2 -[2 -(2 -chloroethoxy)ethoxy] ethanol in the presence of potassium carbonate 
(K2CO3) to give the bis-alcohol compound 2-24 in 98% yield after workup.34
f —\  K2CO3,




/  (98%) ° \








r \ / \  1) NaBH4, CH,C1, / EtOH





Figure 2-11 Synthetic protocol for the plerotopic macrocyclic precursor 2-28.
Tosylation of 2-24 with /^-toluene sulfonyl chloride (TsCl) and pyridine resulted 
in the isolation of the bis-tosylated version of 2-24, namely 2-25, in 71% yield. 
Subsequent ring closure with 3,4-dihydroxybenzaldehyde and CS2CO3 produced the 
unsymmetrical, formylated crown 2-26 after extractive workup in 40% yield. Sodium 
borohydride (NaBEU) reduction (97%) followed by chlorination with thionyl chloride 
(SOCh) and precipitation from chloroform (CHCI3) with hexanes gave hermaphrodite 
macrocyclic precursor 2-28 in 96% yield as a white solid.
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H NMR spectroscopic analysis confirmed the unsymmetrical nature of the crown
ether as the aromatic protons were no longer represented by a singlet at 6.90 ppm (as for 
DB24C8) but rather a multiplet of peaks between 6.79 and 6.91 ppm. The methylene 
protons of the chloromethyl functionality give a characteristic singlet at 4.52 ppm. This 
singlet and its shifts will be used to confirm covalent attachment of the thread to the 
macrocycle and resultant complexation of the plerotopic monomer. ESI-MS was used to 
confirm the identity of compounds 2-26 -  2-28 as peaks resulting from their monosodium 
complexes were detected at 499.1959 for 2-26 (calc. 499.1944), 501.2092 for 2-27 (calc. 
501.2101) and 519.1776 for 2-28 (calc. 519.1762).
Figure 2-12 Synthetic protocol for the unsymmetric threads 2-30[PF6]2 to 2 -3 3 [PF6]2.
The thread components were synthesized according to Figure 2-12. Each of them 
incorporated at least one functionalizable end allowing subsequent attachment to 
macrocycle 2-28. 4,4'-Dipyridyl was refluxed in 1,2-dibromoethane to afford 2-29[Br] in 
quantitative yield. This yellow solid was refluxed in ethanol (EtOH) with either 4- 
picoline (to make 2-30[Br]2), 4-phenylpyridine (to make 2-31 [Br]2) or 4,4'-dipyridyI (to 
make 2-32 [Br]2). After 3 days of reaction, the solid produced (as the dibromide) was 
isolated and anion exchanged with ammonium hexafluorophosphate (NH4PF6) to obtain
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the desired solid off-white threads, as their PF6 salts. Compound 2-29[PF6] was used in 
MeCN with 4-trifluoromethylpyridine under similar conditions, to produce 2-33[PF6]2 
after column chromatography in 2% yield. ESI-MS results for all new threads show peaks 
corresponding to the loss of one and two PF6 anions from the parent threads.
ppm 9.0 S.O 7.0 6.0 5.0
Figure 2-13 'H  NMR spectra taken in CD3SOCD3 of hermaphrodite (thread) 
precursors (a) 2-30[PF6]2, (b) 2-31[PF6]2, (c) 2-32[PF6]2 and (d) 2 - 
33[PF6]2.
'H-NMR spectra were obtained in both deuterated acetonitrile (CD3CN) and 
dimethyl sulfoxide (CD3SOCD3) and showed similar peaks for 2-30[PF6]2 -  2-33[PF6]2 
corresponding to the similarity of one half of all of the threads. The only differences 
observed were due to substitution at the 4-position of the pyridyl ring (methyl, phenyl, 4- 
pyridyl or 4-trifluoromethyl), giving rise to signals characteristic for each compound 
(Figure 2-13).
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2.4.2 Synthesis of Plerotopic Monomers 2-34[PF6b -  2-37[PF6]3
The synthesis of plerotopic monomers 2-34[PF6]3, 2-35[PF6]3, 2-36[PFg]3 and 2- 
37[PFfi]3 were carried out by refluxing the desired thread (2-30[PF6]2 -  2-33[PF6]2) with 
macrocycle 2-28 in MeCN for three days (Figure 2-14). After removal of the solvent, the 
orange/yellow residue was subjected to column chromatography [methanol/nitromethane 
/2M aqueous ammonium chloride (NH4CI)] and the yellow fractions containing the 
desired product (as determined by ’H NMR spectroscopy) were collected and anion 
exchanged (NFUPFo) to yield 2-34[PF6]3 (14%), 2-35[PF6]3 (14%), 2-36[PF6]3 (23%) 
and 2-37[PF6]3 (12%).
3PF- 3PF66 h m n 0  p
MeCN, 2-28 C N~V_i,/= V R
a
f ^o  0.
Ph (2-31) T  'I R = -CH3 (2-34X14%)
-4-Pyr (2-32) * /° 9T 'Ph (M5)(14%)
-CF3 (2-33) d \ - 0 0 ^  -4-pyr (2-36)(23%)
b / /  % -CF3 (2-37)(12%)
Figure 2-14 Synthetic protocol for plerotopic monomers 2-34[PF6]3 - 2-37[PF6]3.
!H NMR spectroscopic experiments were performed on 2-3 4 [PF6]3 - 2 -3 7 [PF6]3 
in CD3SOCD3, a solvent known to interfere with intermolecular interactions and thus 
favor monomer as well as CD3CN, a solvent interfering to a much lesser extent with 
possible intermolecular interactions. Figure 2-15 (a) -  (c) shows a comparison of the 'H 
NMR spectra of 2-28,2-31[PF6]2 and 2-35[PF6]3 in CD3SOCD3.
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The differences that are present aid in the assignment of each proton. Protons e 
through k of the thread have virtually the same chemical shifts as do their hermaphrodite 
counterparts q through w due to the modification being on the other dipyridyl ring. 
Protons a through d of the thread differ significantly in some cases compared to m 
through p of2-35[PF6]3. This is likely due to alkylation of the terminal nitrogen and its 
effects on the electron distribution throughout the two rings. The major difference in the 
unbound macrocycle and the plerotopic monomer is the position of the methylene protons 
1. This signal shifts downfield from 4.65 ppm in 2-28 to 5.79 ppm in 2-35[PF6]3 (AS = 




(b) J J uLjL







j.  ̂ I
M ■ J " U i l
ppm 9.5 9.0 S.O 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
Figure 2-15 ’H NMR comparison of (a) 2-28 in CD3SOCD3, (b) 2-31[PF6fc in 
CD3SOCD3, ( c )  2-35[PF6]3 in CD3SOCD3 and (d) 2-35[PF6]3 in CD3CN 
at 293K. The blue box represents the signals indicating covalent 
attachment of 2-28 and 2-31 [PFeh-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daisy Chain Oligomers and Polymers 35
An additional observation can be made when comparing spectra (c) and (d) from 
Figure 2-14. The CD3SOCD3 spectrum of 2 -3 5 [PF6]3 (Figure 2-14c) shows well resolved 
peaks for the compound indicating that there is no complexation occurring. In addition, 
the shifts that are expected for hydrogen bonding and n-it stacking interactions between 
DB24C8 and l,2-bis(pyridinium)ethane are absent. 21 aJ2jab’25’26c’:,:> This observation can be 
explained by the fact that CD3SOCD3 is able to compete effectively with the crown ether 
and preferentially solvate the threads acidic ethylene and a-pyridinium protons. When 
observing the CD3CN spectrum of 2-35[PF6b at 293K, we see that the signals are not as 
well resolved and that many extra signals become apparent. This complexity is a result of 
the less competitive nature of CD3CN compared with CD3SOCD3. Due to this lack of 
competitiveness, the macrocycle solvates the acidic protons of the thread and thus a 
[2]pseudorotaxane complex is able to be formed. This is indicated by the complexity of 
the polyether region (3.50 -  4.50 ppm) and of the ethylene region (5.0 -  5.7 ppm) arising 
from the presence of both uncomplexed monomer and various complexed forms of the 
monomer, i.e., dimer, trimer, etc..., which all exist together in a dynamic equilibrium. The 
threading and unthreading process is slow enough on the NMR timescale that all species 
are able to be observed at this temperature. The NMR spectra for compounds 2-34 [PFeb, 
2-36[PF6]3 and 2-3 7 [PF$]3 show similar behavior.
2.4.3 ESI-MS Results
To gain a better understanding of the solution behavior of these systems ESI-MS 
was performed to observe the types of aggregates that might be produced. It was found 
that the signals obtained from the MS analysis were very dependent on the cone voltage 
applied during the nebulization. At higher cone voltages (greater than 60mV), the higher
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molecular weight fragments were prominent with little, if  any, of the lower molecular 
weight fragments present. As the voltage was reduced, an increase in the population of 
the higher charged, lower m/z signals prevailed at the expense of their lower charged, 
high m/z counterparts. It can be seen in Figure 2-16 that at a cone voltage of 50 mV, 
signals can be inferred, although small in some cases for the dimer [(2-36)a], trimer [(2 - 
36)s] and the tetramer [(2 -3 6 )4] of 2-36. The peaks for the trimer and tetramer were not 
well resolved but were located at proper m/z positions and upon closer inspection were 
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Figure 2-16 Full mass spectrum for 2-36 (cone voltage is 50 mV) showing the 
existence of dimers, trimers and tetramers in the gas phase.
The fact that most of the higher order oligomeric species give very small signals, 
or none at all, could be a result of: (z) the fact that they are not formed at all under the 
experimental conditions, (z'z) they may not survive the analysis conditions, or (z'z'z) they 
may not ionize as well as the smaller fragments do similar to previously reported work.
It should also be noted that at the very low concentrations of the ESI-MS experiment (< 
0.05 mM) no NMR spectroscopic signals for complexed monomer are observed (vide 
infra).
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In order to try and encourage the formation of higher order oligomers, a more 
concentrated solution of the monomer (still at concentrations below NMR complexing 
level) was analyzed under the same MS conditions (temperature and cone voltage) as the 
previous experiments. Unfortunately, no matter what the concentration of monomer (even 
at high dilution), a dimeric superstructure predominated and no new higher order 
oligomeric structures were observed. Dimeric structures were prominent for all four 
hermaphrodite monomers in the obtained mass spectra and showed that under the 
conditions of the ESI-MS experiment, they were the major ion present (Figure 2-17).
[(2-36):(PF6)4]-*
[(2-35)2(PF6)3f [(2-34)2(PF6) f
Figure 2-17 Mass spectra showing various dimer signals corresponding to the loss of 
two through four anions.
One might argue the validity of the peak assignments because, for example, a 
tetracationic tetramer would be located at the same position as a dicationic dimer. 
However, the splitting pattern of the signals gives extra evidence to the identity of the 
fragment, i.e., dicationic species are clearly evident by a 0.5 m/z splitting between 
adjacent peaks whereas a tetracationic species would give 0.25 m/z units between the 
peaks. In conclusion, much like previously reported systems,49'57 the hermaphroditic
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molecules synthesized using the Loeb recognition motif prefer to form dimers in the gas 
phase at least under the conditions and concentrations of these ESI-MS experiments.
2.4.4 VT-NMR and Dilution Experiments
It was noted earlier that a highly competitive solvent, such as DMSO, inhibits 
formation of aggregates as solvent molecules preferentially solubilize the thread,
co
prohibiting complexation between thread and macrocycle. In MeCN, a less competitive 
solvent, the pseudorotaxane complex formation is able to occur in lieu of solvent 
solubilization, leading to formation of oligomers in equilibrium with one another. The 
degree of association should be dependent on the temperature and the concentration of 
the monomeric solution. To test this statement using the Loeb recognition system, a VT- 
NMR spectroscopic experiment was run on 2-35 (3.4 mM) (Figure 2-18) and a dilution 
experiment was performed on 2-36 (Figure 2-19).
When comparing the 'H NMR spectra at various temperatures it becomes evident 
that the association of monomer is very dependent on the temperature of the solution. At 
higher temperatures, i.e. above 313K, the spectrum resembles that of 2-35[PF6]3 in 
CD3SOCD3 as peaks associated only with the uncomplexed monomer are apparent, i.e.
co
the association constant (Ka) approaches zero. As the temperature is decreased to 303 K 
and then below, signals indicating oligomeric complexation become discemable at the 
expense of uncomplexed monomer signals.
The first thing to notice is the signals corresponding to the polyether protons of 
the crown ether fragment (Figure 2-18, red highlighted region) become more complicated 
as the temperature is decreased due to various complexed crown ether environments (as a 
result of the various oligomeric species) giving slightly differing signals. Secondly,
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signals corresponding to the ethylene recognition site (highlighted in blue) change from a 
well resolved pair of multiplets around 5.2 ppm to a plethora of overlapping signals 
centered around 5.6 ppm as the temperature is decreased. This downfield shift is 
indicative of hydrogen bonding interactions between the ethylene protons and the
polyether oxygen atoms of the crown ether.21 a,23ab,25,26c,55
343 K
L J U IA







L v ^Jd J \k233 K
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Figure 2-18 !H VT-NMR spectra of 2-35[PFfi]3 (3.4 mM) in CD3CN [orange = a- 
pyridinium (a), green = aromatic (Ar), blue = ethylene (Et), red = 
polyether (PE)]. Uncomplexed (u) and complexed (c) signals are shown.
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The fact that the multiplets never actually disappear could be due to the presence 
of monomeric species or it could be inferred that acyclic oligomers are being formed 
since any acyclic daisy chain would give rise to one set of uncomplexed thread signals. 
The green highlighted peaks correspond to the aromatic crown ether protons which 
participate in ^-stacking interactions with the pyridinium protons of the thread during 
complexation and are thus split and shifted upfield from their position in the 
uncomplexed spectra. The orange highlighted region represents the a-pyridinium protons 
which are engaged in hydrogen bonding interactions with the polyether oxygen atoms 
and become shifted downfield upon cooling the solution. Again, the fact that not all of 
the peaks resulting from monomer disappear entirely could indicate the presence of 
uncomplexed monomer still present or the existence of acyclic oligomers in solution.
A dilution experiment was carried out on a 23.1 mM solution of 2-35[PF6b  and 
the !H NMR spectra at various concentrations were examined (Figure 2-19).26 Similar 
observations could be made when comparing the dilution data to the variable temperature 
data (Figure 2-18). One can immediately see the complexity arising throughout the entire 
spectrum as the monomer concentration is increased. It is apparent, upon extreme 
dilution, that the monomeric species exists alone in solution based on the similarities of
CO
the spectrum to that of one obtained in DMSO (a highly competitive solvent). Again, 
the presence of monomeric or acyclic oligomeric species is evidenced by the residual 
peaks corresponding to uncomplexed thread, which remain upon increasing the 
concentration of the solution. In addition, the downfield shifts [ethylene (5.3 -  5.6 ppm) 
and a-pyridinium (8.9 -  9.4 ppm)] and upfield shifts [aromatic crown ether (6.5 -  7.1 
ppm)] give indication of the hydrogen bonding and aromatic stacking interactions
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between macrocycle and thread, respectively. These clearly point toward pseudorotaxane 
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Figure 2-19 Dilution ]H NMR spectroscopic experiment of 2-35[PF6]3 in CD3CN at 
298 K.
It is clear from the concentration and temperature ]H NMR data (Figures 2-18 and 
2-19) that monomeric species dominate at high temperature and dilute concentrations 
while the oligomeric species are significant at the low temperature and concentration 
regimes. Unfortunately, !H NMR spectroscopy is limited to the distinction between
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complexed and uncomplexed species and is unable to distinguish between the nuclearities 
of each species due to the complexity and number o f signals associated with these 
molecules.
2.4.5 A Fluorinated Analogue
A partially fluorinated analogue of 2 -3 4 [PF6]3, namely 2 -3 7 [PF6]3 (Figure 2-20) was 
synthesized in an attempt to clarify the uncertainty surrounding the cyclic or acyclic 
nature of our polymers.
It had been previously shown48 that by replacing protons with fluorine groups an 
extra NMR handle, 19F NMR spectroscopy could be used in addition to !H NMR 
spectroscopy in order to distinguish cyclic or acyclic oligomers. Whereas proton signals 
in these types of compounds are numerous and often overlapping, the strategic placement 
of a fluorine atom creates the possibility of having only one or two simple, 
distinguishable signals in the 19F NMR spectrum.
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Unfortunately the results for 2-37 [PFgk were inconclusive and no further 
information could be obtained from analysis of the VT NMR spectra or the dilution NMR 
spectroscopic data. This may be due to the presence of only acyclic daisy chains or 
because the acyclic and cyclic analogues remain indistinguishable by NMR spectroscopy.
2.4.6 Molecular Mechanics Simulations (MM2) and Conclusions
A plot of % complexed monomer vs. concentration of the solution (Figure 2-21) 
indicates that there is about 75% or more complexed macrocycle present at 
concentrations greater than 15 mM a ratio of three complexed to every one uncomplexed. 
If we make the assumption that the amount of cyclic [cn] daisy chain is negligible due to 
the design of these hermaphroditic systems, this would imply that [a4]daisy chains are 
formed having an average molecular weight (MW) of 4945 gmoT1. The number of 
monomer units can be obtained by inserting the percentage of complexed macrocycle into 
the Carothers equation60 n = 1 (1 -y?)1; where n = the number of monomeric units and p  = 
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Figure 2-21 Plot o f % complexed monomer vs. monomer concentration (mM) in 
MeCN solution for 2-36[PFe]3.
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From the graph in Figure 2-21, it is apparent that an increase in the concentration 
of the monomer leads to an increase in the % complexed macrocycles and thus an 
increase in the oligomer size and polymer MW. If, for example, 90% of the monomer 
were to be complexed we would expect, on average, an [alOjdaisy chain with a MW of 
12,363 gmol"1. This would however, require a much higher concentration of monomer.
Although these studies demonstrated proof-of-principle for the formation of daisy 
chain type, non-covalent oligomers, the degree of polymerization was limited by the lack 
of solubility in the solvent system employed; MeCN. In order to take full advantage of 
these self complexing systems, we need to control: (z) the strength of the non-covalent 
interaction, i.e., the association constant o f the pseudorotaxane formation and (zz) the 
polymers solubility, i.e., they must remain soluble at higher concentrations. In future 
work, it would be of interest to re-evaluate the system after adding additional substituents 
in order to increase the polymer’s solubility in less polar organic solvents. At the same 
time, the pseudorotaxane components could be fine-tuned in order to increase the 
strength of the non-covalent interactions and thus the basic association constant. With 
increased solubility and increased interaction strength, higher order polymers should be 
produced and aid the study of this new type of polymeric material.
ft*7
Figure 2-22 Molecular mechanics simulation (MM2) of the [a4]daisy chain of 2-34.
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2.5 EXPERIMENTAL
2.5.1 General Comments
Ammonium chloride, ammonium hexafluorophosphate, catechol, cesium 
carbonate, 2-[2-(2-chloroethoxy)ethoxy] ethanol, 1,2-dibromoethane, 3,4- 
dihydroxybenzaldehyde, 4,4'-dipyridyl, magnesium sulfate, 4-methylpyridine, 4- 
phenylpyridine, potassium carbonate, pyridine, sodium borohydride, thionyl chloride, p- 
toluenesulfonyl chloride and 4-trifluoromethylpyridine were purchased from Aldrich and 
used as received. Deuterated solvents were obtained from Cambridge Isotope 
Laboratories and used as received. Solvents were dried using an Innovative Technologies 
Solvent Purification System. Thin Layer Chromatography (TLC) was performed using 
Merck Silica gel 60 F254 plates and viewed under LTV light. Column chromatography was 
performed using Silicycle Ultra Pure Silica Gel (230 -  400 mesh). 'H NMR experiments 
were performed on a Briiker Avance 500 and 19F NMR experiments on a Bruker Avance 
300 instrument operating at 500.1 MHz and 300.1 MHz, respectively. The deuterated 
solvent was used as the lock and the residual solvent or TMS as the internal reference. 
Conventional 2-D NMR experiments (1H-IH COSY and NOESY) were used to help 
assign all peaks. High resolution mass spectrometry (HR-MS) experiments were 
performed on a Micromass LCT Electrospray (ES) time of flight (TOF) Mass 
Spectrometer. Solutions of 50-100 ng/pL were prepared in 1:1 MeCN/H20  (unless 
otherwise indicated), and injected for analysis at a rate of 5 /rL/min using a syringe pump.
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2.5.2 Synthesis of Compound 2-24
A heterogeneous mixture of catechol (6.52 g, 59.2 mmol), 2-[2-(2- 
chloroethoxy)ethoxy]ethanol (29.9 g, 178 mmol) and K2CO3 (49.1 g, 355 mmol) in 
MeCN (lOOOmL) was heated under reflux for 1 week. After evaporation of the solvent, 
the residue was dissolved in CH2CI2 (4 x lOOmL) and filtered. The filtrate was 
evaporated and the resulting brown oil was fractionally distilled in a Kugelrohr apparatus 
to yield 2-24 as a brown viscous oil (21.6 g, 98%). ESI-MS: m/z [2-24 + Na]+ calc. 
397.1838, found 397.1852.
d H  3
' r ' V  V S h
OH j
0 ;
Table 2-1 ]H NMR spectroscopic data for 2-24 in CD3CN.
Proton 5 (ppm) Multiplicity # Protons J ( Hz)
a, b 6.91 b 4 —
c 4.17 t 4 3Jci = 5.0
d, e, f, g 3.59-3.75 m 16 —
h 3.87 t 4 %  = 4.S
i 2.87 bs 2 —
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2.5.3 Synthesis of Compound 2-25
A solution of 2-24 (23.9 g, 63.8 mmol) and pyridine (20.3 g, 257 mmol) in CHCI3 
(200mL) was cooled to 0°C. To this solution was added TsCl (36.6 g, 192 mmol) and the 
resulting solution was allowed to come to room temperature and stir overnight. This 
solution was treated with ether (50mL) and water (50mL) and the organic layer was 
washed with 2M HC1 (3 x 50mL), 1M NaHCOs (3 x 50mL) and water (3 x 50mL) before 
being dried (MgSCU) and concentrated. The resulting brown residue was stirred with 
diethyl ether (5 x 50mL) to remove any TsCl remaining. The ether was decanted and the 
remaining brown residue was dried under vacuum to give 2-25 as a brown oil (30.9 g, 
71%). ESI-MS: m/z [2-25 + Na]+ calc. 705.2015, found 705.1985.
a
Table 2 -2  'H NMR spectroscopic data for 2-25 in CDCI3.
Proton 5 (ppm) Multiplicity # Protons /(H z)
a, b 6.90 b 4 —
c, h 4.11-4.15 m 8 —
d ,f 3.64-3.68 m 8 —
e 3.58-3.59 m 4 —
a
is 3.80 t 4 5/gh = 4.9
i 7.77 d 4 5Jij = 8 .2
j 7.31 d 4 II 00 to
k 2.41 s 6 —
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2.5.4 Synthesis of Compound 2-26
A slurry of CS2CO3 (64.5 g, 198 mmol) in DMF (700mL) was heated to 100°C 
under a nitrogen atmosphere. To this was dropped in a solution of 2-25 (33.2 g, 48.6 
mmol) and 3,4-dihydroxybenzaldehyde (6.71 g, 48.6 mmol) in DMF (300mL) over a 
period of 48 hours. The solution was allowed to stir for an additional 24 hours at 100°C. 
The contents were filtered and the solvent evaporated. The resulting residue was 
partitioned between toluene and 1M HC1 and the combined HC1 layers were washed with 
toluene (3 x 50mL). The combined organic extracts were washed with 1M HC1 (3 x 
50mL), dried (MgSCU) and evaporated. Slow diffusion of hexanes into a solution of the 
residue in ethyl acetate yielded 2-26 as a beige solid which was collected by filtration 
(9.31 g, 40%). ESI-MS: m/z [2-26 + N a f  calc. 499.1944, found 499.1959.
a
Table 2-3 :H NMR spectroscopic data for 2-26 in CDCI3.
Proton 6  (ppm) Multiplicity # Protons /(H z)
a, b 6.85-6.89 m 4 —
c 4.12-4.15 m 4 —
d ,g 3.90-3.95 m 8 —
e ,f 3.81-3.83 m 8 —
h 4.19-4.22 m 4 —




j 6.93 d 1 & 7? II 0
0 to
k 7.41 dd 1
Vki=1.9
Vkj = 8 .2
1 9.81 s 1 —
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2.5.5 Synthesis of Compound 2-27
To a solution of 2-26 (2.55 g, 5.35 mmol) in EtOH (50mL) and CH2CI2 (50mL) 
cooled to 0°C was slowly added NaBEU (0.607 g, 16.0 mmol) and the resulting solution 
was allowed to come to room temperature and stirred overnight. The solution was 
acidified with 1M HC1 (3 x 30mL) and extracted into CH2CI2 (lOOmL). The organic layer 
was washed with 1M NaHCOs (3 x 50mL), water (2 x 50mL), dried (MgSCU) and 
evaporated to yield 2-27 as an off-white solid (2.48 g, 97%). ESI-MS: m/z [2-27 + N a f  
calc. 501.2101, found 501.2092.
a
Table 2-4 'H NMR spectroscopic data for 2-27 in CDCI3 .
Proton 8  (ppm) Multiplicity # Protons
a, b, i, j, k 6.82-6.91 m 7
c, h 4.13-4.17 m 8
d, g 3.89-3.91 m 8
e ,f 3.81-3.83 m 8
I 4.58 s 2
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2.5.6 Synthesis of Compound 2-28
To a solution of pyridine (5.29 g, 66.9 mmol) and SOCb (7.54 g, 63.4 mmol) in 
CH2CI2 (40mL) was added a solution of 2-27 (6.54 g, 13.7 mmol) in CH2CI2 (lOmL) and 
the solution stirred at room temperature for 1 hour. CHCI3 (50mL) was added and the 
reaction mixture was poured over cold water (lOOmL). The aqueous layer was extracted 
with CH2CI2 (2 x 50mL) and the combined organic layers were washed with water (2 x 
50mL), 1M NaHCOs (2 x 50mL), a saturated sodium chloride solution (50mL), dried 
(MgSCU) and concentrated (5mL). Hexanes were added to precipitate 2-28 as a white 
solid (6.51 g, 96%). ESI-MS: m/z [2-28 + N a f  calc. 519.1762, found 519.1776.
a
Table 2-5 'H NMR spectroscopic data for 2-28 in DMSO-d6.
Proton 6 (ppm) Multiplicity # Protons
a 6.84-6.85 m 2
b ,j ,k 6.90-6.92 m 4
c, h 4.04 s 8
d,g 3.73 s 8
e , f 3.63 s 8
i 7.00 s 1
1 4.65 s 2
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Table 2-6 !H NMR spectroscopic data for 2-28 in CDCI3.
Proton 8 (ppm) Multiplicity # Protons
a, b , i , j ,k 6.80-6.90 m 7
c, h 4.14-4.17 m 8
d ,g 3.90-3.92 m 8
e ,f 3.81-3.82 m 8
1 4.52 s 2
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2.5.7 Synthesis of Compound 2-29 [Br]
4,4'-Dipyridyl (5.23 g, 33.5 mmol) was added to 1,2-dibromoethane (40mL) and 
brought to reflux for 1 hour. The resulting mixture was filtered and the yellow solid was 
washed with diethyl ether (3 x 50mL) to remove any extra 1,2-dibromoethane (11.4 g, 
99%). ESI-MS: m/z [2-29 - B rf  calc. 263.0184, found 263.0187.
a b e d
Table 2-7 ]H NMR spectroscopic data for 2-29[Br] in DiO.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.75 d 2 5/ab = 6.4
b 7.89 d 2 II 4̂
c 8.43 d 2 «/cd 6.5
d 9.00 d 2 Jdc 6.5
e 5.07 t 2 3Je f=5.7
f 4.01 t 2 Vfe = 5.7
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2.5.8 Synthesis of Compound 2-30[PF6h.
2-29[Br] (10.3 g, 29.9 mmol) and 4-methylpyridine (16.7 g, 179.8 mmol) were 
mixed in anhydrous EtOH (200mL) and heated at reflux for three days. The purple/brown 
mixture was cooled to room temperature, filtered and washed with diethyl ether (2  x 
50mL) to yield 2-30[Br]2 as a light purple solid (4.25 g, 33%). 2-30[Br]2 (0.325 g, 0.443 
mmol) was dissolved in hot water (5mL) and 10 drops of a saturated aqueous solution of 
NH4PF6 was added to the solution. The resulting solid was filtered, washed with water (2 
x 30mL) and air dried to yield 2-30[PF6]2 as a beige solid (0.192 g, 76%). ESI-MS: m/z 
[2-30 -  PF6f  calc. 422.1221, found 422.1233, [2-30 -  2PF6]2+ calc. 138.5790, found 
138.5812.
a b e d
Table 2-8 !H NMR spectroscopic data for 2-30[PF6h in DMSO-d6-
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 9.06 d 2 Vab=6.5
b, h 8.01 m 4 —
c 8.67 d 2 SJcd = 6.5
d 8.87 d 2 3Jdc = 6.5
e 5.16-5.18 m 2 —
f 5.13-5.15 m 2 —
O& 8.76 d 2 %  = 6.3
i 2.61 s —
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Table 2-9 ’H NMR spectroscopic data for 2-30[PF6b in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.88 d 2 Vab = 6.2
b 7.80 d 2 Vba = 6.2
c 8.36 d 2 Vcd = 6.8
d 8.65 d 2 Vdc = 6.8
e 5.05-5.08 m 2 —
f 5.00-5.02 m 2 —
O& 8.41 d 2 Vgh = 6.6
h 7.88 d 2 VhS = 6.6
i 2.67 s 0 —
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2.5.9 Synthesis of Compound 2-31[PF6]2
The same procedure as 2-30[PF6]2 was used with 4-phenylpyridine instead of 4- 
methylpyridine. Yield: (36%). ESI-MS: m/z [2-31 -  PF6f  calc. 484.1377, found 
484.1354, [2-31 -2 P F 6]2+ calc. 169.5868, found 169.5880.
a b e d
Table 2-10 'H NMR spectroscopic data for 2-31 [PF6]2 in DMSO-d6.
Proton S (ppm) Multiplicity # Protons /(H z )
a 9.10 d 2 J/a b = 6 .4
b 8.02 d 2 Vba = 6.4
c 8.69 d 2 /cd 6.5
d 8.97 d 2 •Ode = 6.5
e ,f 5.19-5.23 m 4 —
O& 8.88 d 2 Ogh = 6.6
h 8.58 d 2 O hg =  6.6
i 8.08 d 2 %  = 6.5
j 5k 7.65-7.67 m —
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Table 2-11 ]H NMR spectroscopic data for 2-31 [PFeh in C D 3 CN.
Proton 5 (ppm) Multiplicity # Protons J ( Hz)
a 8 .88 d 2 Vab = 6 .2
b 7.80 d 2 Vba= 6.2
c 8.37 d 2 Ocd = 6.9
d 8 .68 d 2 Vdc = 6.8
e 5.11-5.14 m 2 —
f 5.07-5.09 m 2 —
a& 8.58 d 2
j r _ 7 rtv*gh / .v>
h 8.32 d 2
OIICO
i 7.95-7.96 m 2 —
7.65-7.71 m —
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2.5.10 Synthesis of Compound 2-32[PFs]2
The same procedure as 2-30[PFe]2 was used with 4,4-dipyridyl instead of 4- 
methylpyridine. Yield: (33%). ESI-MS: m/z [2-32 -  PF6]~ calc. 485.1330, found 
485.1346, [2-32 -2 P F 6]2+ calc. 170.0844, found 170.0879.
a b e d
Table 2-12 !H NMR spectroscopic data for 2-32[PFeh in DMSO-d6-
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 9.10 d 4 3Jab =  6.2
b 8.02 d 4 V b a= 6.2
c 8.69 d 4
CO\6II•o
d 8.88 d 4 3/dc = 6.3
e 5.23 s 4 —
Table 2-13 !H NMR spectroscopic data for 2-32[PF6]2 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8 .8 8 d 4 3Jab = 6 .2
b 7.80 d 4 3Jba = 6 .2
c 8.38 d 4 5/cd = 6 .8
d 8.70 d 4 3/dc = 6 .8
e 5.13 s 4 —
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2.5.11 Synthesis of Compound 2-33[PFg]2
4-Trifluoromethylpyridine (1.000 g, 6.801 mmol) and 2-29[PF6] (2.319 g, 5.668 
mmol) were combined in MeCN (50mL) and the mixture was heated under reflux for 3 
days. After cooling to room temperature, the solid was filtered and washed with MeCN (2 
x 50mL). The solid was anion exchanged with NH4PF6 and the resulting solid was 
subjected to column chromatography (SiOa, isopropanokMeNCLiO.OSM NH4PF6, 6:2:2). 
Like fractions were combined and the solvent was removed to produce a suspended 
yellow solid. This was filtered and washed with water to yield 2-33 [PF$] 2 (0.100 g, 2%) 
ESI-MS: m/z [2-33 -  PF6]~ calc. 476.0938, found 476.0945, [2-33 -  PF6]2+ calc. 
165.5648, found 165.5649.
3 h
Table 2-14 ’H NMR spectroscopic data for 2-33[PFe]2 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.87 d 2 5/ ab = 6.1
b 7.81 d 2 5/ba = 6.1
c 8.39 d 2 3Jci = 6.8
d 8.74 d 2 Vac = 6 .8
e 5.12 t 2 5/ ef= 6 .8
f 5.22 t 2 II p\ 00
O& 8.96 d 2 3JSh = 6 .6
h 8.43 d 2 5/hg = 6 .6
19F NMR (300 MHz, CD3CN): 8 = -65.4 (s, CF3), -72.3 (d, PF6 2J?.P = 706 Hz).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Daisy Chain Oligomers and Polymers 59
Table 2-15 ’H NMR spectroscopic data for 2-33[PFeh in DMS0-d6.
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 8.89 d 2 II
*■>
b 8.03 d 2 5/ ba= 6.1
c 8.70 d 2 5/ cd = 6 .8
d 9.10 d 2 Vdc = 6.8
e 5.21 t 2 Vef=6.0
f 5.32 t 2 Vfe = 6 .0
O& 9.34 d 2 '§7 I
I o\ On
h 8.75 d 2 5/hg = 6.6
I9F NMR (300 MHz, DMSO-d6): 5 = -63.6 (s, CF3), -79.8 (d, PF6 2J?.? = 111 Hz).
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2.5.12 Synthesis of Compound 2 -3 4 [PFs]3
2-28 (0.106 g, 0.213 mmol) was added to a solution of 2-30[PFe]2 (0.246 g, 0.434 
mmol) in MeCN (50mL) and the mixture was heated under reflux for 72 hours. After 
cooling to room temperature, the solvent was removed and the orange/yellow residue was 
subjected to column chromatography (SiCb, Me0 H:MeN0 2 :2M NH4Cl(aq), 7:1:2) and 
like fractions (Rf = 0.24) were combined and the solvent removed under vacuum. The 
resulting solid was dissolved in water (5mL) and a saturated aqueous NH4PF6 solution 
was added to precipitate 2-34[PF6]3 as an orange/yellow solid which was collected by 
filtration, washed with water (2 x 25mL) and air dried (0.0362 g, 14%). ESI-MS: m/z 
[4M -  3 PF6]3+ calc. 1419.3931, found 1419.4231, [3M -  2 PF6]2+ calc. 1614.9378, found 
1614.9463, [2 M -  2 PF6]2+ calc. 1028.3038, found 1028.3071, [2M -  3 PF6]3+ calc. 
637.2145, found 637.2173, [2M -  4 PF6]4+ calc. 441.6698, found 441.6709, [2M -  5 
PF6]5+ calc. 324.3430, found 324.3409.
m n o p
a
Table 2-16 ’H NMR spectroscopic data for 2 -3 4 [PF6)3 in DMSO-d6.
Proton 8  (ppm) Multiplicity # Protons J  (Hz)
a 6.83-6.85 m 2 —
b 6.90-6.92 m 2 —
c, h 4.02-4.06 m 8 —
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d, g 3.72-3.76 m 8 —
e ,f 3.62-3.63 m 8 —
i 7.29 bs 1 —
j 7.01 d 1 %  = 8.3
k 7.15 m 1 —
1 5.79 s 2 —
m 9.46 d 2 /mn 6.5
n 8.67 d 2 «7nm 6.5
0 8.75 d 2 •Top 6.5
P 9.19 d 2 •Tpo 6.5
q 5.19-5.21 m 2 —
r 5.14-5.16 m 2 —
s 8.76 d 2 U r = 6 .4
t 8.01 d 2 Us = 6.4
u 2.61 s j —
Table 2-17 !H NMR spectroscopic data for 2-34[PF6]3 in CD3CN (0.535 mM).
Proton 8 (ppm) Multiplicity # Protons /(H z)
a, b 6.89-6.91 m 4 —
c, h 4.08-4.13 m 8 —
d ,g 3.78-3.82 m 8 —
e ,f 3.68 s 8 —
I ,k 7.08 s 2 —
j 7.02 d 1 U'k =8-4
1 5.71 s 2 —
m 9.02 d 2 Jmn 6.5
n 8.31 d 2 •Tnm 6.5
0 8.39 d 2 U p = 6-2
P 8.80 d 2 U o  =6.2
q 5.10-5.12 m 2 —
r 5.02-5.04 m 2 —
s 8.45 d 2 U r =6-2
t 7.89 d 2 Us = 6.2
u 2.67 s J —
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2.5.13 Synthesis of Compound 2-35[PF6]3
The same procedure as 2-34[PFe]3 was used with 2-31 [P F ^  instead of 2- 
30[PF6]2. Rf = 0.39. Yield: (14%). ESI-MS: m/z [4M -  3 PFe]3* calc. 1502.0807, found 
(not resolved), [3M -  2 PF6]2+ calc. 1707.9613, found 1707.9630, [2M -  2 PF6]2" calc. 
1090.3195, found 1090.3246, [2M -  3 PF6]3+ calc. 678.5582, found 678.5599, [2M -  4 
PF6]4+ calc. 472.6776, found 472.6783, [2M -  5 PF6]5+ calc. 349.1493, found 349.1503.
m n o p
w
a
Table 2-18 ’H NMR spectroscopic data for 2-35[PF6]3 in DMSO-d6.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 6.83-6.85 m 2 —
b 6.89-6.91 m 2 —
c, h 4.02-4.07 m 8 —
d ,g 3.72-3.76 m 8 —
e ,f 3.63 d 8 Je f /fe 5.5
i 7.28 s 1 —
j 7.02 d 1 3Jjk= 8.1
k 7.16 d 1 <3; II 00
1 5.79 s 2 —
m 9.24 d 2 /mn = 6.0
n 8.77 d 2 3Jnm = 6.0
0 8.67 d 2 3/ op = 6.1
P 9.45 d 2 5Jp0 = 6.1
q 5.26-5.27 m 2 —
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r 5.19-5.20 m 2 —
s 8.97 d 2 Vst = 6.1
t 8.58 d 2 11 0\
u 8.08 d 2 3JW = 6.9
V, w 7.65-7.67 m 0 —
Table 2-19 !H NMR spectroscopic data for 2-35[PFgb in CD3CN (0.523 mM).
Proton 8 (ppm) Multiplicity # Protons J(Hz)
a, b 6.88-6.92 m 4 —
c, h 4.09-4.17 m 8 —
d ,g 3.79-3.83 m 8 —
e ,f 3.69 s 8 —
I ,k 7.09-7.10 m 2 —
j 7.03 d 1 Mk = 8.9
1 5.72 s 2 —
m 9.27 d 2 A/™ = 6.7
n 8.41 d 2 <Am ~ 6.7
o ,t 8.34 m 4 —
P 9.42 d 2 Opo = 6.8
q 5.18-5.20 m 2 —
r 5.10-5.12 m 2 —
s 8.62 d 2 A/st = 6 .7
u 7.96 d 2
0II>
V ,  w 7.66-7.71 m 0 —
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2.5.14 Synthesis of Compound 2-36 [PFeb
The same procedure as 2-34[PF6b was used with 2-32[PF6h instead of 2- 
30[PF6]2. Rf = 0.26. Yield: (23%). ESI-MS: m/z [4M -  3 PF6]3̂  calc. 1503.4058, found 
(not resolved), [3M -  2 PF6]2t calc. 1709.4522, found 1709.4637, [2M -  2 PFg]2~ calc. 
1091.3136, found 1091.3159, [2M -  3 PF6]3+ calc. 679.2211, found 679.2225, [2M -  4 
PF6]4+ calc. 473.1747, found 473.1727, [2M -  5 PF6]5+ calc. 349.5469, found 349.5452.
m n o p
a
Table 2-20 'H NMR spectroscopic data for 2-36[PF6b in DMSO-d6.
Proton 8 (ppm) Multiplicity #  Protons J(H z)
a 6.84-6.85 m 2 —
b 6.89-6.90 m 2 —
c,h 4.02-4.07 m 8 —
d ,g 3.73-3.76 m 8 —
e ,f 3.63 s 8 —
i 7.28 s 1 —
j 7.01 d 1
00II
k 7.15 d 1 £ II 00 4̂
1 5.79 s 2 —
m 9.23 d 2 Vmn = 6.1
n 8.76 d 2
m3IIE
o ,t 8.68 bs 4 —
P 9.45 d 2 5Jp0 = 6.1
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q>r 5.25-5.27 m 4 —
s 8.89 s 2 —
u 8 .0 2 s 2 —
V 9.10 d 2 3JW = 6.3
Table 2-21 'H NMR spectroscopic data for 2-36 [PFgk in CD3CN (0.462mM).
Proton 8 (ppm) Multiplicity # Protons /(H z)
a, b 6.88-6.91 m 4 —
c, h 4.07-4.14 m 8 —
d,g 3.77-3.82 m 8 —
e ,f 3.67 s 8 —
i ,k 7.08-7.09 m 2 —
j 7.02 d 1 .c 7? II OO bo
1 5.71 s 2 —
m 8.86 d 2 /mn = 6.8
n 8.40 d 2 '/nm = 6.8
0 8.32 d 2 Vop = 6.8
P 8.93 d 2 J/ p0 = 6.8
q 5.17-5.20 m 2 —
r 5.11-5.14 m 2 —
s 8.75 d 2
OOm3IIs5
t 8.39 d 2 Vts = 6.8
u 7.80 d 2 5J Uv = 6.2
V 8.89 d 2 5J VU = 6.2
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2.5.15 Synthesis of Compound 2-37[PF6]3
2-28 (0.095 g, 0.191 mmol) was added to a solution of 2-33 [PFg] 2 (0.046 g, 
0.0741 mmol) in MeCN (50mL) and the mixture was heated under reflux for 96 hours. 
After cooling to room temperature, the contents were filtered through Celite and the 
solvent was removed to yield an orange/yellow residue which was subjected to column 
chromatography (Si0 2 , Me0 H:MeN0 2 :2M NHUCl^q), 7:1:2) and like fractions (Rf = 
0.33) were combined and the solvent was removed under vacuum. The resulting solid 
was dissolved in water (5mL) and a saturated aqueous NH4PF6 solution was added to 
precipitate 2 -3 7 [PF6]3 as a yellow solid which was collected by filtration, washed with 
water (2 x 25mL) and air dried (0.0105 g, 12%). ESI-MS: m/z [2M -  2 PF6]2t calc. 
1082.2755, found 1082.2728, [2M -  3 PF6]3+ calc. 673.1956, found 673.1958, [2M -  4 
PF6]4̂  calc. 468.6557, found 468.6559, [2M -  5 PF6]5+ calc. 345.9317, found 345.9326.
m n o p
a
Table 2-22 ]H NMR spectroscopic data for 2-37[3PF<s] in CD3CN (0.838 mM).
Proton 8 (ppm) Multiplicity # Protons /(H z)
a, b 6.89-6.90 m 4 —
c, h 4.05-4.12 m 8 —
d ,g 3.78-3.83 m 8 —
e ,f 3.67 s 8 —
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i , j , k 7.01-7.08 m J —
I 5.71 s 2 —
m, s 8.91-8.97 m 4 —
n 8.31 d 2 7nm 6.6
o ,t 8.39-8.45 m 4 —
P 8.85 d 2 Vp0 = 6.7
q>r 5.15-5.20 m 4 —





Traditionally, dendrimeric and polymeric molecules have been pieced together 
using the strength of covalent and metal coordination bonds." The use o f non-covalent 
interactions of the rotaxane and pseudorotaxane type have not received broad attention.29 
Only a few examples have been reported that incorporate dendron fragments into the 
components making up the mechanical link.
Applications of these potentially enormous molecules parallel other previously 
reported applications for similar highly branched and ordered structures. These are seen 
in fields such as catalysis/0 supramolecular recognition/assembly processes2*1 and guest 
inclusion/transportation/2 Aside from their large aesthetic structures these compounds 
may also prove interesting due to the fundamental role that interlocked components could 
play in entanglements, rheology, elasticity and the mechanical properties of the polymers 
in which they are incorporated.1110’21'61
Rotaxane dendrimers can be thought of as dendritic molecules containing 
rotaxane like mechanical bonds linking their components.62 Thus they are of interest as 
they possess both rotaxane6j and dendrimer64 functionalities as well as a mix of their 
properties within one species. There are three types of rotaxane dendrimers which can be 
classified according to the location of the mechanical linkage (Figure 3-1).









Figure 3-1 Cartoon representation of (a) Type I rotaxane dendrimers (b) Type II 
rotaxane dendrimers and (c) Type III rotaxane dendrimers. Subclasses of 
each class are given by A, B or C as needed.
Type I rotaxane dendrimers possess a mechanical bond at the core of the 
molecule. This type can be further subdivided into three classes based on whether the 
dendron is attached to (z) the axle component (Type IA); (z'z) the macrocyclic component 
(Type IB) or; (iii) to both the axle and macrocyclic components (Type IC). Type II 
rotaxane dendrimers contain a pseudorotaxane ornamented periphery and can be further 
subdivided into two classes depending on whether the covalently attached outer 
components are (z) axles (Type IIA); or (z'z) macrocycles (Type IIB). Type III compounds,
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of which this chapter is concerned, comprise dendritic polyrotaxanes and can also be 
subdivided based on whether the macrocycles are (z) on the branches (Type IIIA) or, (z'z) 
at the branching points (Type IIIB). Each of the classes and their respective subclasses 
are shown schematically in Figure 3-1.
3.1.1 Divergent vs. Convergent Dendrimer Synthesis
Two main synthetic strategies are used to generate covalently bound dendrimers, 
and both have proven successful in creating mechanically linked dendrimers, considered 
as Type III Dendritic Polyrotaxanes (Figure 3-2).65
1) ---------
2) Q
Path A Path B
CO
Figure 3-2 Cartoon representation of the divergent (Path A) and the convergent (Path
B) synthetic approaches to rotaxane dendrimer synthesis.
A convergent approach incorporates previously synthesized fragments possessing 
a functionality enabling them to be grafted inwards, and finally attached to a common 
core (Path B). This approach relies on the mechanical link of the pending dendron 
surviving the grafting reaction. In addition, the incoming dendron should react
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completely with the functionalized core ensuring defect free structures. This can prove 
problematic if the core is too small to accommodate two or more arriving wedges.
OH
CHCl3f k2c o 3
Figure 3-3 A convergent synthetic protocol to produce a mechanically linked, first 
generation dendrimer 3-3.
Using a convergent synthetic approach, Vogtle et al. prepared compound 3-3, a 
first generation (G-l), mechanically linked dendrimer incorporating rotaxane units at its 
branching points (Figure 3-3).66 The stoppered rotaxane, mechanically bonded dendron 
fragment 3-1, possessing a phenolic functional group was reacted with 1,4-
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bis(bromomethyl)benzene in the presence of tetralactam macrocycle 3-2 and base to 
produce rotaxane 3-3 in 39% yield.
In addition, Vogtle used a monosulfonamide version of tetralactam macrocycle 3- 
2 to create branched 6 /5-rotaxane architectures (3-4) possessing various axle pieces 
(Figure 3-4).67 By incorporating an axle with two recognition sites in the thread, it was 




O ^ N H 3-4HN'
Figure 3-4 Convergent synthesis of a mechanically linked first generation dendrimer 
3-4 possessing two different rotaxane units.
Stoddart et al., by exploiting the well known attraction between 
dibenzylammonium threads and DB24C8, have used the surrogate stopper exchange 
reaction of 3-5[PF6b to convergently generate the branched [4]rotaxane 3-6[PF6]3 
(Figure 3-5).47
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3) HCI / H20
4) NH4PF6 / H20
5) P t0 2 / H2
h2n>, 7
Q-cPo>
*  - C 0}
Figure 3-5 Convergent synthesis of a branched [4]rotaxane 3-6[PF6]3 using a 
threading followed by stoppering followed by stopper exchange protocol.
More specifically, [2]rotaxane 3-5[PFfi]2 complexation between DB24C8 and the 
dibenzylammonium thread was followed by triphenylphosphine stoppering. The resulting 
triphenylphosphonium salt was reacted, under Wittig conditions, with 1,3,5- 
triformylbenzene to yield the branched [4]rotaxane 3-6[PF6]3 in 47% overall yield. 
Interestingly, the basic conditions employed for the Wittig reaction did not induce 
dethreading o f the macrocycle from the resulting neutral thread during rotaxane 
formation. This outcome demonstrates that intermediates formed during the stopper 
exchange reaction are never small enough to allow decomplexation of the 
pseudorotaxane starting material.
The divergent synthetic approach requires functionality at each branching point to 
further propagate the dendritic framework. This can be accomplished by synthesizing a
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rotaxane system possessing a macrocyclic component doubling as a stopper. Potentially, 
it may then be possible to synthesize multi-generation, mechanically linked dendrimers 





Figure 3-6 Cartoon showing the repetitive threading followed by stoppering divergent 
approach using a macrocycle as the stoppering unit.
However, some difficulties are unavoidable with respect to the divergent synthetic 
approach. Firstly, in order for the product to be structurally perfect, each reaction step 
should be quantitative. An example, noted by Meijer et al., shows that, for a dendrimer 
with a branch multiplicity of 3 and a reaction selectivity of 99%, the yield o f defect free 
dendrimer, at the second generation, is 60%. This problem may be minimized by using a 
large excess of thread and/or stopper or by employing forcing conditions, i.e., extremely
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high pressures, however, eliminating it entirely is impossible. In addition, the steric bulk 
of these systems is likely a cause of incomplete reactions.
Stoddart et al. have used a slippage approach15 to fabricate a [2]-, [3]- and a 
[4]rotaxane 3-9[PF6]6 using the BPP34C10 macrocycle 3-8, and the triply branched 
thread 3-7[PF6]<5, containing the required bipyridinium recognition units (Figure 3-7).69
1 ,3 , 5
3-7 3
l) MeCN, 50°C, 15 kbar 6 PFj
3-8
1
C o b -
3-9
Figure 3-7 A slippage approach to branched rotaxanes.
When 2 equivalents of 3-8 were used in the synthetic procedure, yields for the 
[2]-, [3]- and [4]rotaxanes were 46, 26 and 6%, respectively. Surprisingly, when the 
reaction was repeated using a large excess of 3-8 (15 equivalents), the product yields 
were 19, 41, and 22%, respectively. This distribution is attributed to steric crowding 
around the third uncomplexed arm, preventing a third ring from freely slipping over the 
stoppered end. In addition, the remaining uncomplexed bipyridinium site may have its
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recognition elements (hydrogen bonding and tt-tt stacking) partially satisfied by 
neighboring rotaxane units.
Because the fully complexed [4]rotaxane 3-9[PF6]6 is one of the minor reaction 
products and because of the lack of functionality at the periphery inhibits the possibility 
of additional dendrimer generations being added, another synthetic protocol was required.
A threading approach has been previously used by Stoddart et al. to synthesize 
higher generation mechanically linked dendrimeric architectures. A bis-DB24C8 core, 3- 
10 in Figure 3-8, was synthesized using a hydroxymethyl fimctionalized DB24C8 and 
terephthaloyl chloride in 99% yield.70 Complexation with dibenzylammonium 
hexafluorophosphate 3-ll[PF6] as the thread showed association constants similar to 
those obtained for DB24C8 with the same thread (5300 M'1 for DB24C87a and 6600 M'1 
for the first association of 3-10).
Figure 3-8 The bis-crown ether 3-10 and its complexation with dibenzyl ammonium
pf6
Kj = 6600 M"1 
K-> = 1300 M'1
hexafluorophosphate 3-11 [PFe].
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In order to make these compounds truly mechanically linked, functionality was 
added to the thread enabling them to be stoppered with triphenylphosphine.7a 
Unfortunately, the branched [3]rotaxane 3-13[PF6]6 was only isolated in 37% yield, but 
was able to be separated from the [2]rotaxane (having one complexed and one 
uncomplexed crown, (26%) and the capped thread (37%). After separation 3-13[PF6]6 
was reacted under Wittig conditions, to exchange its surrogate stoppers for Frechet-type, 
poly(aryl)ether, dendrons of the second generation 3-14 (Figure 3-9).j4 This threading 
followed by stoppering, followed by stopper exchange, proved to be an efficient method 












Figure 3-9 Wittig stopper exchange reaction used to form the mechanically 
interlocked, second-generation, dendrimer 3-15[PF6h.
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In order for the dendrimer to propagate to higher generations an aldehydic crown 
ether would have to be used as stopper. This would introduce functionality for the next 
mechanically linked generation.
3.1.2 Our Approach
The approach we chose to investigate was to take various polyphenol cores 
(Figure 3-10) and attach multiple DB24C8 appendages.71 These compounds should allow 
us to study the effect of various geometries and spatial arrangements of the crown ethers 
around a central core on the threading of 2-46 cations through the multiple DB24C8 
cavities. It was anticipated that the resulting spacing of the crown ethers as far from each 
other as possible would have positive effects on the threading step. Thus, higher 
proportions of the fully occupied cores would be produced, thereby introducing fewer 





Figure 3-10 Phenol based cores used in branched rotaxane synthesis.
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3.2 RESULTS AND DISCUSSION
3.2.1 Synthesis and Characterization of Model Compounds 3-16 and 3-17[OTf]4
tin
3-173-16
Figure 3-11 Model Compounds 3-16 and 3-17[OTf]4.
In order to gain greater insight into the chemistry of these systems, compound 3- 
16 and the corresponding rotaxane 3-17[OTf]4 were synthesized (Figure 3-11). For 
example, these model compounds, as major units of the larger target molecules, indicate 





Figure 3-12 Synthetic Protocol for compound 3-16.
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Compound 3-16 was synthesized from 2-28 and phenol under typical Williamson 
ether synthesis conditions using K2CO3 as the base (Figure 3-12). After standard 
extractive workup (water/CHCls) and precipitation from CHCI3, the desired compound 
was isolated in near quantitative yield (98%) as a bright white solid. X-ray quality 
crystals were grown by vapour diffusion of hexanes into a saturated CHCI3 solution of 3- 
16 (Figure 3-13).
Figure 3-13 Molecular crystal structure72 o f 3-16. The red balls represent oxygen 
atoms.
Crystals of 3-16 belong to the space group PI. Because of the non- 
centrosymmetric nature of this space group, 3-16 is a good candidate to further explore 
its inclusion in rotaxane-based, non-linear optical (NLO) materials.7̂  The solid state 
structure shows two interesting aspects: (z) it shows that the structural features resemble 
those of the parent DB24C8 and (z'z) the appended aromatic ring is oriented away from 
the opening of the macrocyclic cavity which should enable the individual crown ethers to 
be threaded by the incoming 2-32 threads to form the prerequisite [2]pseudorotaxane 
complexes.71
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The ESI-MS spectrum of 3-16 had a [M + Na]~ peak 23 m/z units (577.2414) 
more than the parent ion peak, [3-16]~. This phenomenon is seen with many crown ether 
complexes due to the fact that cations may occupy the void space within the crown ether 
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Figure 3-14 ]H NMR spectrum of parent crown ether 3-16.
The 'H NMR spectrum of 3-16 (Figure 3-14), shows peaks characteristic of the 
benzyl chloride precursor 2-28. One might expect this considering the main core remains 
virtually unchanged. However, one major difference seen is the chemical shift of the 
methylene protons, 1. In 2-28 when part of a benzyl chloride group, these protons 
resonate at 4.65 ppm whereas in 3-16 they are located downfield at 4.96 ppm (AS = 0.31 
ppm) as part of the newly formed benzyl ether group. This is presumably due to the 
greater electron withdrawing effect of the phenolic oxygen compared to the chlorine 
atom. In addition, new signals for the appended phenol are seen in the aromatic region 
between 6.90 and 7.30 ppm.
Rotaxane formation between 3-16 and 2-32 [BF.^ was performed under 
conditions similar to those employed for the synthesis of similar rotaxane compounds
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(Figure 3_i5).21-23abc,25U6a Compounds 3 _16 and 2-32[BF4]2 were dissolved in 
nitromethane (MeN0 2 ) and the solution immediately turned yellow, indicative of a n-ic 
interaction (charge transfer), between the electron rich catechol rings of the crown ether 
and the electron poor pyridinium rings of the thread when they interact to form the 
[2]pseudorotaxane complex.21 This solution was stirred at room temperature overnight 
and excess 4-r-butylbenzylbromide (4 equivalents) was added along with a layer of 







Figure 3-15 Synthetic protocol for parent branched rotaxane 3-17[OTf]4.
The two layer reaction was stirred for an additional three days. Over this period, 
the solution changed color from yellow to orange, indicative of a change in the charge 
transfer band due to the thread’s conversion from a dipyridinium to a tetrapyridinium 
cation, and thus rotaxane formation. After silica gel column chromatography (7:1:2,
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methanol : nitromethane : 2M NH4Cl(aq)), fractions containing 3-17, as determined by 
TLC, were combined and then anion exchanged using NaOTf to yield 3-17[OTf]4 as a 
red/orange glassy solid with an overall yield of 40%.
ESI-MS confirmed the existence of 3-17 as its triflate (OTf) salt, as peaks 
corresponding to the loss of one, two, three and four OTf anions from the molecular ion 
were detected at m/z 1635.5120 ([3-17 - OTff), 743.2850 ([3-17 - 20Tf]2i ,  445.8500 
([3-17 - 3OTf]3’*’) and 297.1564 ([3-17 - 40Tf]4̂ ).
Further confirmation of the existence of 3-17[OTf]4 was gained from the ]H NMR 
spectrum (Figure 3-16 and Table 3-1). Evidence supporting the various supramolecular 
interactions such as hydrogen bonding and tc-ti stacking were apparent.21 - jabc-25’26a 
Hydrogen bonding between the ethylene (a) and a-pyridinium (b) protons of the thread 
with the polyether oxygen atoms of the macrocycle is evidenced by a downfield shift of 
the signals for a [5.61 ppm vs. 5.27 ppm (A5 = 0.34 ppm)] and b [9.33 ppm vs. 9.02 ppm 
(A5 = 0.31 ppm)] in 3-17[OTf]4, relative to the uncomplexed thread 3-34[BF4]4.21,Z:’c: In 
addition, aromatic Jt-stacking interactions are indicated by the upfield shifts of protons a, 
b, i, j and k of the crown ether from their multiplet between 6.80 and 6.90 ppm to four 
well resolved signals (b and j share a multiplet) between 6.40 and 6.80 ppm. In addition, 
slight upfield shifts for protons c [8.48 ppm to 8.24 ppm (AS = 0.24 ppm)] and d of the 
thread [8.43 ppm to 8.18 ppm (AS = 0.25 ppm)] further support these interactions. 
Another important shift is that of the methylene protons of the crown, 1. As mentioned 
previously (vide supra), the uncomplexed crown ether 3-16 shows a singlet at 4.96 ppm 
for 1 but in rotaxane 3-17[OTf]4 this signal shifts upfield to 4.55 ppm (AS = 0.41 ppm)
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probably due to ^-stacking interactions. This signal can be used to calculate the amount 
of each species in a mixture of [2] and [3]rotaxanes (see Section 3.3.6).
a,b,i,j,k
—vO a
6.0 5.0 4.09.0 8.0 7.0ppm
Figure 3-16 Comparison of the *H NMR shifts of (a) 3-16, (b) 3-17[OTf]4 and (c) the 
capped thread 3 -3 4 [BF4]4 in C D 3 C N  at 500 MHz. 7t-Stacking and 
hydrogen bonding interactions are indicated by orange and blue arrows, 
respectively.
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Table 3.1 'H NMR assignments for 3-16,3-17[OTf] and 3-34[BF4]4 in CD3CN.
Proton 3-34[BF4]4 (6) 3-16 (8) 3-17[OTf]4 (6) Ad Reason
a 6.93a — 6.41 -0.52
b 6.93a — 6.65b -0.28 . w- S ..LL 1 !' U
i 6.93a — 6.79 -0.14
j 6.93a — 6.65b -0.28
k 6.93a — 6.50 -0.43 :::u
1 4.97 — 4.57 -0.40 7T-SIL. L a  ! L L
a — 5.27 5.61 0.34 H-bonding
b — 9.01 9.33 0.32 H-bonding
c — 8.48 8.24 -0.24
d — 8.43 8.17 -0.26 71” ^" u v  L
3 signals share a multiplet at 6.93 ppm 
b signals share a multiplet at 6.65 ppm
3.2.2 Synthesis and Characterization of Compounds 3-18 to 3-22
Bis and tris-crown ethers, 3-18 to 3-22, were prepared under Williamson ether 
synthesis conditions analogous to 3-17 (Figure 3-17). Yields of these branched 
macrocycles illustrate the increasing ease of attaching a second (3-18 - 3-21) and third (3- 
22) pending crown around the various benzenoid cores, as core size increases. In other 
words, as the hydroxy functionalities of the cores spread out, the second and third 
alkylations become more efficient. ESI-MS results demonstrate similar sodium binding 
affinities as 3-16 for 3-18 to 3-22 as [M + Na]T and [M + 2Na]2- peaks are now both 
evident in the spectra (Table 3-2).





3-19 (n=1) 3-21 (n=1)
Figure 3-17 Synthetic protocol for compounds 3-18 to 3-22.
The !H NMR spectra of 3-18 to 3-22 show comparable shifts for all of the 
aromatic and polyether protons as well as a chemical shift of ca. 5.00 ppm for the 
benzylic methylene protons, 1, indicative of alkylation by phenolic type nucleophiles. 
Additional peaks now evident in the aromatic region of the spectra, compared to that 
previously seen for 2-42, are due to the extra protons present in each of the different 
cores.
Table 3.2 Experimental yield and ESI-MS data for compounds 3-18 to 3-22.
Compound Yield (%)
[M + Na]+ 
Observed (Calculated)
[M + 2Na]2+ 
Observed (Calculated)
3-18 23 1053.4467 (1053.4460) 538.2084 (538.2179)
3-19 28 1053.4467 (1053.4460) 538.2207 (538.2179)
3-20 37 1053.4459 (1053.4460) not observed
3-21 52 1129.4790(1129.4773) 576.2343 (576.2335)
3-22 40 1757.7448 (1757.7445) not observed
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3.2.3 Synthesis of Branched Rotaxanes 3-23[OTf]4 to 3-33[OTf]12
Branched rotaxanes 3-23[OTf]4 to 3-33 [OTf] n  were synthesized following a 
similar synthetic protocol as used for rotaxane 3-17[OTf]4 (Figure 3-18).
Core 3-18 3-18 3-19 3-19 3-20 3-20 3-21 3-21 3-22 3-22 3-22 
n 1 1 1 1 1  1 1  1 2 2 2
x ! 2 1  2 1  2 1  2 1 2 3
y 1 0 1 0 1  0 1  0 2 1  0
Cmpd 3-23 3-24 3-25 3-26 3-27 3-28 3-29 3-30 3-31 3-32 3-33
Figure 3-18 Synthetic protocol for compounds 3-23[OTf]4 to 3-33[OTf]i2.
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The desired branched macrocycle, along with two equivalents of 2-32[BF4]2 per 
ring, were dissolved in MeNCb and allowed to come to equilibrium, as evidenced by 
formation of a homogeneous yellow solution.21’2oabc’2:>’26a Four equivalents per DB24C8, 
of 4-r-butylbenzyl bromide were added, in addition to lOmL of saturated, aqueous 
NaOTf. This two-layer reaction was stirred for a minimum of three days to ensure 
completeness. After washing away any salts, the organic solvent was removed and the 
resulting red/orange residue was subjected to silica gel column chromatography (6:1:3, 
methanol: MeNCb : 2 M aqueous NH4CI) to first elute the branched [2 ]rotaxane followed 
by the [3]rotaxane. In order to elute the highly charged [4]rotaxane, 3-33, from the 
column, a more polar solvent system was applied after the elution of 3-31 and 3-32 (1:1, 
2M aqueous NH4CI : DMF) .24 Like fractions (as determined by TLC), were combined 
and anion exchanged with NaOTf, to yield red/orange glassy solids whose yields were 
determined from their masses and !H NMR spectra (see Section 3.2.6).
3.2.4 ESI-MS of Branched Rotaxanes 3-23[OTf]4 to 3-33[OTf]n
The ESI-MS spectra (Table 3-3) show peaks corresponding to the loss of one and 
two OTf anions for the branched bis [2]rotaxanes. In addition, the dihydroxybenzene 
cored branched [2]rotaxanes (3-23[OTf]4, 3-25[OTf]4 and 3-27[OTf]4) show peaks 
corresponding to the loss of three and four OTf anions. The softness of the ESI 
experiment allows the detection of highly charged molecules as evidenced by the fact that 
the branched [3]rotaxanes 3-26[OTf]g, 3-28[OTf]g and 3-30[OTf]g all showed signals 
resulting from the loss of two through six OTf anions (Figure 3-19).71
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Table 3.3 ESI-MS data for compounds 3-23 to 3-33.
Compound Ion Calculated (m/z) Observed (m/z)
3-23
[3-23 - O T ff 
[3-23 - 20Tf]^ 











[3-24 - 20Tf]2" 
[3-24 - 30Tf]3+ 
[3-24 - 40Tf]4+ 













[3-25 - O T ff 
[3-25 - 20Tf]2+ 











[3-26 - 20Tf]2+ 
[3-26 - 30Tf]3̂  
[3-26 - 40Tf]4* 













[3-27 - OTf]+ 
[3-27 - 20Tf]2" 











[3-28 - 20Tf]2* 
[3-28 - 30Tf]3+ 
[3-28 - 40Tf]4+ 












3-29 [3-29 - OTf]+ 2187.7471 2187.7874
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[3-29 - 20Tf]2" 1019.3976 1019.3996
3-30
[3-30 - 20Tf]2+ 
[3-30 - 30Tf]3+ 
[3-30 - 40Tf]4+ 













[3-31 - 20Tf]2* 









[3-32 - 20Tf]2+ 
[3-32 - 30Tf]3̂  
[3-32 - 40Tf]4+ 




























Figure 3-19 ESI-MS raw data for (a) [3-26 -  5 OTf]5" and (b) [3-30 -  6 OTf]6T
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3.2.5 ]H NMR Spectra of Branched Rotaxanes 3-23[OTf]4 to 3-33 [OTf] i2
!H NMR spectra were recorded in CD3CN at 500 MHz for the OTf salts of 
branched [«]rotaxanes 3-23 to 3-33. Major differences in their spectra are seen upon 
comparing the fully occupied branched [3]rotaxane versus its branched [2]rotaxane 
counterpart, i.e., the symmetrical versus the unsymmetrical system. Symmetry is apparent 
in the spectra of 3-24[OTf]8, 3-26[OTf]8, 3-28[OTf]8, 3-30[OTf]8 and 3-33[OTfh2, as 
all of these spectra resemble that of 3-17[OTf]4 (Figure 3-20).
I 1 1 1 1 n ' 1 1 1 l" I 1 1 ' 1 1 ' l' J 1 I | 1 | 1 1 1 1 | | I 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 '  | 1 1 1 1 “ i 1 1 | 1 1 1 “  J 1 1 1 1 I
ppm 9.0 8.0 7.0 6.0 5.0 4.0
Figure 3-20 :H NMR spectrum of compound 3-33 [OTf] n.
In Figure 3-20 is shown the spectrum of 3-33[OTf] 12 which is the largest of the 
rotaxanes produced in this study. Regardless of its size, the symmetry present in the 
molecule ensures that the spectrum parallels that of model rotaxane 3-17[OTf]4. The core
2-32/DB24C8 rotaxane interactions are apparent by a tetrad of doublets between 8.22 and
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9.34 ppm that are associated with the hydrogen bonded and ^-stacked bipyridinium 
protons b-e of the thread. Hydrogen bonded ethylene protons a of the thread occur as a 
singlet at 5.63 ppm and signify the interpenetrated nature of the thread through the crown 
ether cavity. 4-t-Butylbenzyl stopper signals are seen as two doublets at 7.40 ppm and 
7.50 ppm (meta and ortho benzyl protons, respectively), a singlet at 1.27 ppm (4-r-butyl) 
and a busy singlet at 5.72 ppm (benzyl protons). These signals are very similar to the ones 
obtained in 3-17[OTf]4 as well as many other similar rotaxane systems.21 "J~:5,26 One very 
important peak showing the complexed nature of the molecule, is the singlet at 4.64 ppm, 
corresponding to benzylic methylene protons 1, attaching the rotaxane to the phenolic 
core. Due to 7i-stacking interactions like those seen in 3-17[OTf]4, these protons shift 
upfield from 5.05 ppm (AS = 0.41 ppm) for compound 3-22. Another indication of 
rotaxane formation is the massive multiplet centered at 4.05 ppm, corresponding to 
complexed polyether protons of the DB24C8 moiety, compared to the three distinct 
multiplets of the uncomplexed branched crown ether. However, the main difference of 
this spectra from that of 3-17[OTf]4, is the number and complexity of the aromatic 
signals. Peaks owing to protons a, b, i, j and k are easily discemable as they give similar 
signals (between 6.40 and 6.84 ppm) to their counterparts in 3-17[OTf]4. Now, however, 
due to the l,3,5-tris(hydroxyphenyl)benzene core of 3-33[OTf]i2 instead of the phenol 
core of 3-17[OTf]4, extra peaks are seen.
Their unsymmetrical nature makes the spectra arising from 3-23[OTfj4, 3- 
25[OTf]4, 3-27[OTf]4, 3-29[OTf]4, 3-31[OTf]4 and 3-32[OTf]8 slightly more 
complicated, as signals corresponding to complexed and uncomplexed macrocycle 
appear within the same molecule. Essentially, the NMR spectra of these compounds
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become hybrids of the fully complexed branched [3]rotaxane and the fully uncomplexed 










ppm 9.0 8.0 7.0 6.0 5.0 4.0
Figure 3-21 'H-NMR spectra of (a) 3-21, (b) 3-29[OTf]4 and (c) 3-30[OTfj8 showing 
the additive nature of the spectra of the bis crown ether (a) and branched 
[3]rotaxane (c) to give that of the branched [2]rotaxane (b).
The first observation is the preservation of the peaks corresponding to the 
complexed rotaxane moiety. All of the complexed thread peaks are present (a-i) in the 
same area for which they appear in the corresponding [3]rotaxane as well as in 3- 
17[OTf]4- Also evident is the increased complexity of the aromatic region (protons a, b,
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i, j, k, m, n, a, b, i, j, k, m and n, 6.40 -  7.56 ppm) as well as the polyether region 
(protons c-h and c-h, 3.68 -  4.12 ppm). This is due to the fact that signals for both 
complexed and uncomplexed forms of each are present in a 1:1 ratio. The fact that these 
peaks are very similar to the [3]rotaxane and the uncomplexed crown ether made 
assigning these peaks much easier.
The most diagnostic peaks of these spectra were found to be the methylene 
protons of the branched macrocycle, because of significant differences in chemical shift. 
More specifically, both signals result in singlets in a region where no other proton 
resonates, but their position is dependent on whether they are involved in complexation 
(1) or not (T). As seen for all of the branched macrocycles, a singlet appears around 5.00 
ppm (vide supra) (the uncomplexed methylene, in 3-29[OTfU, gives a peak at 5.04 ppm). 
In the case of the complexed methylene protons a signal appears upfield at ca. 4.60 ppm 
(A5 = 0.44 ppm), analogous to the signal seen in 3-17[OTf]4 for methylene protons 1. 
These two signals become important when calculating the yields of these rotaxanes (see 
Section 3.2.6).
3.2.6 Yields and Distributions of Branched Rotaxanes 3-23[OTf]4 to 3-33[OTf]i2
’H NMR spectroscopy and crude weights were used to determine the distributions 
of products and the overall yields of the branched rotaxanes found in individual reactions. 
Many fractions containing various mixtures of both [2]- and [3]rotaxanes were isolated. 
However, when post chromatographic analysis was performed on the fractions, fractions 
containing solely the [2]rotaxane while others containing only the [3]rotaxane were 
found. These latter fractions were anion exchanged, weighed and analyzed by NMR 
spectroscopy. Fractions containing a mixture of both the [2]- and [3]rotaxanes (two spots
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on the TLC), were also anion exchanged, weighed and analyzed by NMR spectroscopy, 
but they contained a certain amount of each branched rotaxane. To determine the ratio of 






ppm 5.0 4.9 4.S 4.7 4.6
Figure 3-22 ]H NMR simulation75 of the methylene region of a mixture (2:1 mole 
ratio) of [2]- and [3]rotaxane.
For each amount of I' that existed, there was an equal amount of 1 due to the 1:1 
nature of complexed to uncomplexed crown in the [2]rotaxanes. This amount was 
subtracted from the integration of 1 and the remainder was divided by two in order to 
determine the amount of [3]rotaxane present ([3]rotaxanes have two sets o f complexed 
protons I per molecule). Using the formula masses of the two compounds, and their molar 
ratio (determined from NMR spectroscopic integrations), the amount of each product 
could be calculated (Table 3-4). This distribution enables one to determine the amount of 
crown engaged in complexation in these compounds and thus, the percent yield of these 
reactions.
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l : l b (%) 2: lb (%) 3 :lb (%)
Catechol 92 82 18 N/A
Resorcinol 83 70 30 N/A
Hydroquinone 68 62 38 N/A
Biphenol 37 69 31 N/A
T ris(hydroxyph enyl)b enzen e 85 32 oOJ 35
a based on amount of crown ether used.
b product distributions based on 'H NMR spectroscopic integrations.
3.3 CONCLUSIONS
A series of first generation, Type III-B rotaxane dendrimers, compounds 3- 
23[OTf]4 to 3-33[OTf]n, have been synthesized using the 2-32/DB24C8 Loeb 
recognition motif. The product distribution for these compounds is dependent on the 
polyphenolic core employed and the spacing of the hydroxy functionalities around this 
core. As the hydroxy groups are moved away from each other, the efficiency of the 
threading process required to produce the fully saturated branched rotaxanes increases. 
For example, the product yields are 18, 30 and 38%, when going from a catechol based 
core to resorcinol to hydroquinone, respectively. The results of using a biphenol based 
core show that negative interactions are already minimized in the hydroquinone case and 
are not further minimized by extending further. Using a 1,3,5- 
tris(hydroxyphenyl)benzene core allowed the synthesis of a larger [4]rotaxane 3- 
33[OTf]i2, in moderate yield even though the efficiency of the threading steps decreased 
sequentially upon threading three threads to a common core. As in previous studies69 this
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decrease could be attributed to (z) the unoccupied crown ether fragments having their 
recognition requirements partially satisfied by neighboring rotaxane units, (ii) steric 
interactions between an already complexed crown ether fragment and an incoming thread 
and (iii) electrostatic repulsions between the incoming thread and existing rotaxane units. 
Naturally, the next step for these systems is to develop a way to further functionalize the 
stoppering units to allow the addition of subsequent generations, thereby propagating the 
divergent growth of these Type III-B rotaxane dendrimers.




4,4'-Biphenol, 4-r-butylbenzylbromide, catechol, hydroquinone, phenol, 
resorcinol, sodium triflate and 1,3,5 tris-(4-hydroxyphenyl)benzene were purchased from 
Aldrich and used as received.
3.4.2 General X-ray structure determination
Crystals were mounted on a short glass fibre attached to a tapered copper pin and 
the crystal cooled to 173.0(1) K. A full hemisphere of data were collected with 30s 
frames on a Briiker APEX diffractometer fitted with a CCD based detector. Decay (<1%) 
was monitored by 50 standard data frames measured at the beginning and end of data 
collection. Diffraction data and unit-cell parameters were consistent with the assigned 
space group. Lorentzian polarization corrections and empirical absorption corrections, 
based on redundant data at varying effective azimuthal angles, were applied to the data 
set. The structure was solved by direct methods, completed by subsequent Fourier 
syntheses and refined with full-matrix least-squares methods against |F*| data. All non­
hydrogen atoms were refined anisotropically. All hydrogen atoms were treated as 
idealized contributions. Scattering factors and anomalous dispersion coefficients are 
contained in the SHELXTL 5.03 program library.74 All CEF files generated for the crystal 
structures obtained are contained on a CD attached to the inside back cover of this thesis.
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3.4.3 Synthesis of Compound 3-16
To a solution of 2-28 (0.630 g, 1.27 mmol) and phenol (0.087 g, 0.924 mmol) in 
MeCN (30mL) was added K2CO3 (0.662 g, 4.79 mmol) and the mixture was stirred under 
reflux for 5 days. The solvent was then evaporated and the residue was partitioned 
between CHCI3 and water. The organic layer was washed with water (2 x 50mL), dried 
(MgSCU) and concentrated to give 3-16 as an off-white solid (0.501 g, 98%). X-ray 
quality crystals were grown by the slow diffusion of hexanes into a saturated CHCI3 
solution of 3-16 (X-ray crystal data can be seen in Appendix 1). ESI-MS: m/z [3-16 + 
N a f  calc. 577.2414, found 577.2427.
a
Table 3.5 ’H NMR spectroscopic data for 3-16 in CDCI3.
Proton 8 (ppm) Multiplicity # Protons
a ,b ,i 6.84-6.88 m 5
c, h 4.14-4.17 m 8
d,g 3.90-3.92 m 8
e ,f 3.82 s 8
j, k, n, 0 6.93-6.96 m 5
1 4.96 s 2
m 7.26-7.27 m 2
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3.4.4 Synthesis of Compound 3-18
To a solution of catechol (0.0402 g, 0.365 mmol) and 2-28 (0.446 g, 0.897 mmol) 
in acetone (80mL) was added K2CO3 (0.879 g, 6.36 mmol) and the mixture was refluxed 
for 7 days. The reaction contents were filtered and the filtrate was evaporated. The 
residue was dissolved in CHCI3 (50mL), washed with water (2 x 50mL), dried (MgSC>4) 
and evaporated to yield a yellow residue which was then dissolved in CHCI3 (3mL). 
Hexanes were added to precipitate 3-18 as a white solid (0.085 g, 23%). ESI-MS: m/z [3- 




f 9 h i
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Table 3.6 'H  NMR spectroscopic data for 3-18 in CDCI3.
Proton 6 (ppm) Multiplicity # Protons
a, b, i-k, m, n 6.81-6.97 m 18
c, h 4.07-4.15 m 16
d,g 3.85-3.91 m 16
e ,f 3.80-3.82 m 16
1 5.03 s 4
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3.4.5 Synthesis of Compound 3-19
The same procedure as 3-18 was used with resorcinol instead of catechol. Yield: 
(28%). ESI-MS: m/z [3-19 + N a f  calc. 1053.4460, found 1053.4467, [3-19 + 2Na]2'  
calc. 538.2179, found 538.2207.
n
Table 3.7 !H NMR spectroscopic data for 3-19 in CDCI3.
Proton 8  (ppm) Multiplicity # Protons J(H z)
a, b, i-k 6.83-6.93 m 14 —
c, h 4.12-4.15 m 16 —
d ,g 3.88-3.90 m 16 —
e ,f 3.80 s 16 —
1 4.90 s 4 —
m, 0 6.54-6.58 m —
n 7.14 t 1 Vnm = 7.6
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3.4.6 Synthesis of Compound 3-20
The same procedure as 3-18 was used with hydroquinone instead of catechol. 
Yield: (37%). ESI-MS: m/z [3-20 + Na]' calc. 1053.4460, found 1053.4459.
m
Table 3.8 'H NMR spectroscopic data for 3-20 in CDCI3 .
Proton 8 (ppm) Multiplicity # Protons
a, b, i-k, m 6.84-6.94 m 18
c, h 4.14-4.16 m 16
d>g 3.89-3.91 m 16
e ,f 3.82 s 16
1 4.90 s 4
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3.4.7 Synthesis of Compound 3-21
The same procedure as 3-18 was used with 4,4'-biphenol instead of catechol. 
Yield: (52%). ESI-MS: m/z [3-21 + N a f  calc. 1129.4773, found 1129.4790, [3-21 + 
2Na]2̂  calc. 576.2335, found 576.2343.
m n
a
Table 3.9 ’H NMR spectroscopic data for 3-21 in CDCI3.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a, b, k 6.86-6.89 m 10 —
c, h 4.14-4.18 m 16 —
d ,g 3.90-3.91 m 16 —
e ,f 3.82 bs 16 —
U 6.94-6.97 m 4 —
1 4.99 s 4 —
m 7.45 d 4 5/mn = 8.7
n 6.99 d 4 3Jnm = 8.7
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3.4.8 Synthesis of Compound 3-22
The same procedure as 3-18 was used with l,3,5-tris-(4-hydroxyphenyl)benzene 




Table 3.10 'H NMR spectroscopic data for 3-22 in CDCI3.
Proton 8  (ppm) Multiplicity # Protons /(H z)
a, b, k 6.87-6.88 m 15 —
c, h 4.13-4.19 m 24 —
d, g 3.90-3.92 m 24 —
e ,f 3.82 bs 24 —
U 6.96-6.98 m 6 —
1 5.02 s 6 —
m 7.60 d 6 3Jmn = 8.7
n 7.05 d 6 %m = 8.7
0 7.64 s —
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Table 3.11 !H NMR spectroscopic data for 3-22 in C D 3 CN.
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a, b 6.86-6.91 m 12 —
c ,h 4.06-4.11 m 24 —
d ,g 3.76-3.80 m 24 —
e, f 3.67 d 24 Vfe=Vef= 5.2
i 7.05 d J Vfle=1.7
j 6.92 d
•*>O II
k 6.99 dd 3
%  = 7.6 
Vki = 1.7
1 5.05 s 6 —
m, 0 7.69-7.70 m 9 —
n 7.07 d 6 V„m = 8.7
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3.4.9 Synthesis of [2]rotaxane 3-17[OTf]4
3-16 (0.110 g, 0.198 mmol) and 2-32[BF4]2 (0.050 g, 0.0972 mmol) were 
dissolved in MeNCb (20mL) and stirred overnight. 4-r-Butylbenzylbromide (0.133 g, 
0.586 mmol) and 3mL of a saturated solution of NaOTf(aq) were added and the two layer 
reaction was stirred for 4 days. The organic layer was separated, dried (MgS04) and 
evaporated. The orange residue was taken up in MeCN (lmL) and filtered. The filtrate 
was stripped and the residue was subjected to column chromatography (SiCb, 
methanol:MeN02:2M NH4Cl(aq), 6:1:3). Like fractions were combined, evaporated and 
anion exchanged with NaOTf to yield 3-17[OTf]4 as a red/orange glass (Rf = 0.47, 
0.0713 g, 41%). ESI-MS: m/z [3-17 - O Tff calc. 1635.5112, found 1635.5120, [3-17 - 
20Tf]2+ calc. 743.2796, found 743.2850, [3-17 - 30Tf]3+ calc. 445.8691, found 
445.8500, [3-17 - 40Tf]4* calc. 297.1638, found 297.1564.





Table 3.12 !H NMR spectroscopic data for 3-17[OTf]4 in CD 3 CN.
Proton 6 (ppm) Multiplicity # Protons /(H z )
a 6.40-6.42 m 2 —
b ,j 6.64-6.66 m —
c-h 4.00-4.08 m 24 —
i 6.79 d 1 Vik= 1.6
k 6.50 dd 1
Vki = 1.6, 
Vkj = 8.2
1 4.57 s 2 —
m 6.93 d 2 5/mn = 8.2
n 7.36 dd 2
3Jnm =8.2
3/„0=7.4
0 7.02 t 1 II
a 5.61 s 4 —
b 9.33 d 4 3Jbc = 6.7
c 8.24 d 4 Vcb=6.7
d 8.17 d 4 J/ de = 6.7
e 8.92 d 4 Ved = 6.7
f 5.72 s 4 —
Oto 7.54 d 4 <§
7 II 00
h 7.40 d 4 3/hg =8.3
i 1.32 s 18 —
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3.4.10 Synthesis of [2]rotaxane 3-23[OTf]4 and [3]rotaxane 3-24[OTf]g
3-18 (0.0153 g, 0.0148 mmol) and 2-32[BF4]2 (0.0305 g, 0.0593 mmol) were 
dissolved in MeNCb (20mL) and stirred overnight. 4-r-Butylbenzylbromide (0.0279 g, 
0.122 mmol) and 3mL of a saturated solution of NaOTf(aq) were added and the two layer 
reaction was stirred for 7 days. The organic layer was separated, dried (MgS04) and 
evaporated. The orange residue was taken up in MeCN (lmL) and filtered. The filtrate 
was evaporated and the residue was separated by column chromatography (SiCL, 
methanol:MeNC>2:2M NTL-Cl^q), 6:1:3). Like fractions were combined, evaporated and 
anion exchanged with NaOTf to yield the desired red/orange glassy solids [92% overall 
yield. 0.0252 g 3-23[OTf]4 (Rf = 0.63, 82%) and 0.0109 g 3-24[OTf]8 (Rf = 0.54,18%)]. 
ESI-MS: m/z [3-23 - O T ff calc. 2111.7158, found 2111.7068, [3-23 - 20Tf]2+ calc. 
981.3819, found 981.3887, [3-23 - 30Tf]3+ calc. 604.6039, found 604.6057, [3-23 - 
40Tf]4+ calc. 416.2149, found 416.2236, [3-24 - 20Tf]2+ calc. 1596.4877, found 
1596.4901, [3-24 - 30Tf]3+ calc. 1014.6745, found 1014.6815, [3-24 - 40Tf]4+ calc. 
723.7679, found 723.7728, [3-24 - 50Tf]54 calc. 549.2239, found 549.2340, [3-24 - 
60Tf]6+ calc. 432.8612, found 432.8621.
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Table 3.13 'H NMR spectroscopic data for 3-23[OTf]4 in C D 3 CN.
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 6.33-6.35 m 1 —
b, i, a” 6.53-6.59 m 'yJ —
c-h, c’-h’ 3.46-4.22 m 48 —
j, m, n, a', m’, n \  b" 6.80-6.98 m 8 —
k 6.39 d 1 II 00 to
1 4.57 s 2 —
b', i \  k' 7.03-7.09 m 4 —
j ’ 7.17-7.19 m 1 —
r 4.86 s 2 —
a 5.52-5.54 m 4 —
b 9.27 d 4 3Jbc = 6.6
c 8.15 d 4 3Job = 6.6
d 8.00 d 4 Vde = 6.6
e 8.90 d 4 3Jed = 6.6
f 5.75-5.77 m 4 —
O& 7.40 d 4 Vgh = 8.4
h 7.51 d 4 COIICO
rn
i 1.32 s 18 --------
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I
Table 3.14 ]H NMR spectroscopic data for 3-24[OTf]s in CD3CN.
Proton § (ppm) Multiplicity # Protons /(H z)
a 6.37-6.40 m 4 —
b 6.99-7.02 m 4 —
c-h 3.95-4.04 m 48 —
i 6.78 d 2 Vik= 1.5
j 6.54 d 2 %  = 8.2
k 6.44 dd 2 Vki = 1.5 
%  = 8.2
1 4.61 s 4 —
m, n 6.61-6.66 m 4 —
a 5.56 s 8 —
b 9.29 d 8 0 II ON 00
c 8.23 d 8 */cb = 6.8
d 8.15 d 8 Vde = 6.8
e 8.94 d 8 Ved = 6.8
f 5.73 s 8 —
a& 7.42 d 8 %  = 8.4
h 7.52 d 8 %  = 8.4
i 1.29 s 36 —
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3.4.11 Synthesis of [2]rotaxane 3-25[OTf]4 and [3]rotaxane 3-26[OTf]8
The same procedure as 3-23[OTfj4 and 3-24[OTf]s was used with 3-19 instead of
3-18. Yield: [83% overall yield. 0.0189 g 3-25[OTf]4 (Rf = 0.63, 70%) and 0.0131 g 3- 
26[OTf]g (Rf = 0.40, 30%)]. ESI-MS: m/z [3-25 - OTf]+ calc. 2111.7158, found 
2111.7097, [3-25 - 20Tf]2+ calc. 981.3819, found 981.3876, [3-25 - 30Tf]3+ calc.
604.6039, found 604.6085, [3-25 - 40Tf]4+ calc. 416.2149, found 416.2225, [3-26 - 
20Tf]24 calc. 1596.4877, found 1596.4929, [3-26 - 30Tf]3T calc. 1014.6745, found 
1014.6904, [3-26 - 40Tf]4+ calc. 723.7679, found 723.7753, [3-26 - 50Tf]5+ calc.
549.2239, found 549.2345, [3-26 - 60Tf]6̂  calc. 432.8612, found 432.8674.
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Table 3.15 !H NMR spectroscopic data for 3-25[OTf]4 in CD 3 CN.
Proton 8 (ppm) Multiplicity # Protons J { Hz)
a, a1 6.40-6.45 m 4 —
b, m, b' 6.63-6.69 m 5 —
c-h, c \ h’ 3.97-4.14 m 32 —
i 6.80 d 1 V ik= 1-5
j, m' 6.47-6.51 m 2 —
k di  ̂"> dd 1
Vki=1.5 
%  = 8.2
1 4.51 s 2 —
n 7.25 t 1 J T —̂ j —O') •̂ nm ■'urn
0 6.57 s 1 —
d’, g’, e’, f 3.65-3.80 m 16 --------
j ’ 7.03-7.05 m 2 —
k’ 6.89 m 1 --------
r 5.05 s 2 —
a 5.60 s 4 --------
b 9.31 d 4 3Jbc =  6 .6
c 8.24 d 4 3J Cb = 6.6
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d 8.15 d 4 5Jde = 6.6
e 8.86 d 4 Ved = 6.6
f 5.68-5.72 m 4 —
a 7.36 d 4 Vgh = 8.3
h 7.52 d 4 Vhg=8.3
i 1.31 s 18 —
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Table 3.16 ]H NMR spectroscopic data for 3-26[OTf]g in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J(H z)
a 6.39-6.42 m 4 —
b, j, m, 0 6.60-6.65 m 9 —
c-h 4.00-4.06 m 48 —
i 6.81 d 2 Vik = 1.6









1 4.63 s 4 —
n 7.32 t 1 Vnm =  8.2
a 5.61 s 8 —
b 9.33 d 8 Vbc = 6.9





d 8.20 d 8 Vde = 6.9
e 8.94 d 8 V ed = 6 .9
f 5.72 d 8 3J=  4.2
C& 7.41 d 8
O
OII4°
h 7.51 d 8 Vhg — 8.4
i 1.31 s 36 —
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3.4.12 Synthesis of [2]rotaxane 3-27[OTf]4 and [3]rotaxane 3-28[OTf]8
The same procedure as 3-23[OTf]4 and 3-24[OTf]8 was used with 3-20 instead of 
3-18. Yield: [68% overall yield. 0.0139 g 3-27[OTf]4 (Rf = 0.61, 62%) and 0.0138 g 3- 
28[OTf]g (Rf = 0.38, 38%)]. ESI-MS: m/z [3-27 - O T ff calc. 2111.7158, found 
2111.7312, [3-27 - 20Tf]2+ calc. 981.3819, found 981.3898, [3-27 - SOTf]3" calc.
604.6039, found 604.6115, [3-27 - 40Tf]4̂  calc. 416.2149, found 416.2171, [3-28 - 
20Tf]2’i’ calc. 1596.4877, found 1596.4932, [3-28 - 30Tf]3̂  calc. 1014.6745, found 
1014.7112, [3-28 - 40Tf]4T calc. 723.7679, found 723.7756, [3-28 - 50Tf]5+ calc.
549.2239, found 549.2338, [3-28 - 60Tf]6+ calc. 432.8612, found 432.8712.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Branched [nJRotaxanes 116
b r ^ C l
Table 3.17 ]H NMR spectroscopic data for 3-27[OTf]4 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 6.38-6.40 m 2 —
b, i, j, k’ 6.60-6.72 m 5 —
c-h, c', h' 3.99-4.15 m 32 —
k 6.48 t 1 %  = 8.3
1 4.61 s 2 —
m, aT, b% i% j% m' 6.8 2-6.97 m 10 —
d’, g’ 3.82-3.85 m 8 —
e ' , f 3.70-3.72 m 8 —
r 4.98 s 2 —
a 5.59 s 4 —
b 9.30 d 4 n ii ON OO
c 8.15 d 4 SJcb = 6.8
d 7.99 d 4 V d e  = 6.8
e 8.80 d 4 3J e d = 6.8
f 5.71 s 4 —
Oto 7.40 d 4 II OO 4*
.
h 7.56 d 4 03 II OO
i 1.31 s 18 —
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Table 3.18 ’H NMR spectroscopic data for 3-28[OTf]g in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 6.39-6.41 m 4 —
b ,j 6.63-6.65 m 6 —
c-h 4.00-4.06 m 48 —
i 6.78 d 2 V ik=1.6
k 6.50 dd 2
Vki =1.6 
%  = 7.8
1 4.54 s 4 —
m 6.94 s 4 —
a 5.61 s 8 —
b 9.33 d 8 3Jbc = 6.8
c 8.26 d 8 Vcb = 6.8
d 8.19 d 8 5J de = 6.8
e 8.94 d 8 3Je d = 6.8
f 5.72 s 8 —
O& 7.44 d 8
G
OII
h 7.55 d 8 Vhs=8.4
i 1.29 s 36 —
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3.4.13 Synthesis of [2]rotaxane 3-29[OTf]4 and [3]rotaxane 3-30[OTf]8
The same procedure as 3-23[OTf]4 and 3-24[OTf]8 was used with 3-21 instead of 
3-18. Yield: [37% overall yield. 0.0167 g 3-29[OTf]4 (Rf = 0.59, 69%) and 0.00881 g 3- 
30[OTf]8 (Rf = 0.44, 31%)].ESI-MS: m/z [3-29 - O T ff calc. 2187.7471, found 
2187.7874, [3-29 - 20Tf]2+ calc. 1019.3976, found 1019.3996, [3-30 - 20Tf]2" calc. 
1634.5034, found 1634.5197, [3-30 - 30Tf]3̂  calc. 1040.0182, found 1040.0862, [3-30 - 
40Tf]4+ calc. 742.7757, found 742.7834, [3-30 - SOTf]5* calc. 564.4301, found 
564.4354, [3-30 - 60Tf]6~ calc. 445.5331, found 445.5335.
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Table 3.19 'H NMR spectroscopic data for 3-29[OTf]4 in CD3CN.
Proton 6 (ppm) Multiplicity # Protons /(H z)
a 6.40-6.42 m 2 —
b ,j 6.64-6.68 m —
c-h, c \  h’ 4.00-4.13 m 32 —
i 6.81 d 1 4Jib =1.4
k 6.53 dd 1
4Jki =1.4 
%  = 8.2
1 4.60 s 2 —
m 7.58 d 2 = 8.8
n, k' 6.97-7.02 m j —
a’, b ' , i ' , j ’ 6.89-6.95 m 6 —
d’, g’ 3.78-3.81 m 8 —
e’, f 3.68 s 8 —
r 5.04 s 2 —
m’ 7.56 d 2 3Jmv = 8.7
n’ 7.07 d 2 3Jn'm' = 8.7
a 5.62 s 4 —
b 9.33 d 4 5/bc = 6.7
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c 8.26 d 4 3Jch = 6.7
d 8.20 d 4 3j&e = 6.7
e 8.93 d 4 Ved = 6.7
f 5.72 m 4 —
o5> 7.52 d 4
COII
h 7.40 d 4 Vhg -  8.4
i 1.30 s 18 —
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Table 3.20 !H NMR spectroscopic data for 3-30[OTfj8 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J(H z)
a 6.40-6.42 m 4 —
b ,j 6.64-6.67 m 6 —
c-h 4.00-4.09 m 48 —
i 6.81 d 2 Oik =1.3
k 6.52 dd 2
Oki =1.3 
%  = 8.1
I 4.60 s 4 —
m 7.63 d 4 3Jmn = 8.7
n 7.02 d 4 Onm = 8.7
a 5.62 s 8 —
b 9.33 d 8 Obc = 6.8
c 8.26 d 8 3Jcb = 6.8
d 8.20 d 8 Vde = 6.8
e 8.94 d 8 5Jed =  6 .8
f 5.73 s 8 —
Oto 7.40 d 8
00II
h 7.52 d 8 OhS =8.4
i 1.29 s 36 —
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3.4.14 Synthesis of [2]rotaxane 3-31[OTf]4, [3]rotaxane 3-32[OTf]8 and [4]rotaxane
3-33[OTf]12
3-22 (0.053 g, 0.0305 mmol) and 2-32[BF4]2 (0.096 g, 0.187 mmol) were 
dissolved in MeN02 (20mL) and stirred overnight. 4-t-Butylbenzylbromide (0.170 g, 
0.748 mmol) and 3mL of a saturated solution of NaOTf(aq) were added and the two layer 
reaction was stirred for 7 days. The organic layer was separated, dried (MgS04) and 
evaporated. The orange residue was taken up in MeCN (lmL) and filtered to remove 
capped thread. The filtrate was stripped and the residue was subjected to column 
chromatography (Si02, methanol:MeN02:2M NEUCl^q), 6:1:3 up to DMF:2M NfLjC^aq), 
1:1). Like fractions were combined, stripped and anion exchanged with NaOTf to yield 
the desired red/orange glassy solids [85% overall yield. 0.0243 g 3-31[OTf]4 (Rf (in 
1:1)= 0.63, 32%), 0.036 g 3-32[OTf]8 (Rf (in 1:1)= 0.51, 33%) and 0.497 g 3-33[OTf]12 
(Rf (in 1:1)= 0.31, 35%)]. ESI-MS: m/z [3-31 - 20Tf]2+ calc. 1333.5312, found 
1333.5374, [3-31 - 30Tf]3+ calc. 839.3701, found 839.3750, [3-31 - 40Tf]4+ calc. 
592.2896, found 592.2961, [3-32 - 20Tf]2̂  calc. 1948.6370, found 1948.6509, [3-32 - 
30Tf]3* calc. 1249.4406, found 1249.4468, [3-32 - 40Tf]4'  calc. 899.8425, found 
899.8655, [3-32 - 50Tf]s+ calc. 690.0836, found 690.0938, [3-32 - 60Tf]6" calc. 
550.2443, found 550.2519, [3-33 - 70Tfj7* calc. 626.1036, found 626.1077. LR-ESI- 
MS: m/z [3-33 - 80Tf]^ calc. 529.2217, found 529.2.




° \  i
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Table 3.21 !H NMR spectroscopic data for 3-31 [OTfk in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J(Hz)
a 6.40-6.42 m 2 —
6.62-6.64 m j —
c-h, c', h' 4.02-4.17 m 40 —
i 6.83 d 1 V i k =  1.4
k 6.58 dd 1 V k i =  1.4
5Jkj = 8.2
1 4.65 s 2 —
m, 0 , m' 7.73-7.81 m 9 —
n, a ’, b \  k \  n' 6.91-7.12 m 20 —
d \  g’ 3.77-3.80 m 16 —
e ' , f 3.64-3.66 m 16 —
r 5.08 s 4 —
a 5.61 s 4 —
b 9.33 d 4 Vbc = 6.5
c 8.23 d 4 3Jch = 6.5
d 8.16 d 4 3Jde = 6.6
e 8.90 d 4 3Jed = 6.6
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f 5.71 m 4 —
a& 7.39 d 4 %  = 8.3
h 7.50 d 4 Vhg =8.3
i 1.30 s 18 —
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Table 3.22 'H NMR spectroscopic data for 3-32[OTf]g in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 6.41-6.42 m 4 —
b 6.64-6.66 m 4 —
c-h, c', h ' 4.01-4.14 m 56 —
i 6.83 d 2 Vik=1.2
j 6.89 d 2 % =  8.2
k 6.56 dd 2 % = 1 . 2  
3Jk} = 8.2
1 4.64 s 4 —
m, 0, m’ 7.81-7.85 m 9 —
n, n’ 7.08 d 6 5/ nm= Vnm-=8.7
a', b' 6.93-6.97 m 4 —
d ',g ' 3.77-3.81 m 8 —
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e ' , r 3.66 d 8 3Jcr= Vcr=1.9
i ' J ' 7.13-7.15 m 2 —
k’ 7.04 d 1 % = S 3
r 5.09 s 2 —
a 5.62 s 8 —
b 9.34 d 8 3Jbc = 6.7
c 8.26 d 8 3Job = 6.7
d 8.20 d 8 5Jde = 6.7
e 8.93 d 8 3Je d = 6.7
f 5.72 m 8 —
O& 7.40 d 8 Vsh = 8.4
h 7.51 d 8
COIIto
i 1.27 s 36 —
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a
Table 3.23 ’H NMR spectroscopic data for 3 -3 3 [OTf]i2 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 6.39-6.42 m 6 —
b 6.64-6.66 m 6 —
c-h 4.01-4.10 m 72 —
i 6.83 d "VJ
»HII
j 6.69 d J II 00 o.
)
k 6.55 dd Vki= 1.4 Vkj= 8.3
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1 4.64 s 6 —
m 7.83 d 6 Vmn= 8.7
n 7.09 d 6 3J nm= 8.7
0 7.87 s 0 —
a 5.72 s 12 —
b 9.34 d 12 o II 00 VO
c 8.29 d 12 sJ Cb= 8.9
d 8.22 d 12 Vde= 8.9
e 8.95 d 12 Ved= 8.9
f 5.73 m 12 —
ato 7.40 d 12
COII
h 7.50 d 12 %=  8.4
i 1.27 s 54 —
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CHAPTER 4
Type I  Rotaxane Dendrimers
4.1 INTRODUCTION
As was introduced in Chapter 3, Type I rotaxane dendrimers contain a mechanical 
bond at the core of the dendrimeric structure. Dendritic fragments are then grafted to (/) 
the axle component (Type IA), (ii) the macrocyclic component (Type IB) or (Hi) both the 
axle and the macrocyclic components (Type IC) (Figure 4-1).
□
Type IA Type IB Type IC
Figure 4-1 Cartoon representation of Type I rotaxane dendrimers.
Examples of dendritic wedges that could be chosen are shown below in Figure 4- 
2. The first example of these cascade molecules was developed by Vogtle62 back in 1978. 
Addition of a primary amine to acrylonitrile resulted in a tertiary amine with two arms. 
Reduction of the nitriles produced two amine groups which were subsequently reacted 
with additional acrylonitrile to propagate the commercially available 
poly(propyleneimine) (PPI). Another commercially available dendrimer is the 
poly(amidoamine) or PAMAM family of dendrimers6̂ . These cascade molecules are
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synthesized from the addition of ammonia to excess methyl acrylate, followed by 
amidation with excess ethylenediamine (Figure 4-2).
Figure 4-2 Commercially available dendrimer’s. Vogtle’s poly(propyleneimine) (PPI) 
and Tomalia’s poly(amidoamine) (PAMAM).
A third class of dendrimers, the first made by a convergent synthetic approach,
been synthesized from the periphery to the core using 3,5-dihydroxybenzyl alcohol as the 
key monomer. These were the dendritic fragments chosen to attach to the Type I rotaxane 
dendrimers in this study.
Figure 4-3 shows a picture of the Frechet dendrons used in this study along with a 
color coordinated cartoon representation of the short form that will be used to represent 
them. The sizes of these dendrons are spoken of in terms of generations. Each iterative 
set of reaction steps adds another generation to the growing structure. Throughout the 
remainder of the thesis the terms GO, Gl, G2 and G3 will be used to represent the sizes of 
the dendrons in question. For example, G2 will be used when discussing a second 







was performed by Hawker and Frechet in 1990.64 These poly(aryl)ether dendrons have
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G1
GO
Figure 4-3 Color and generation numbering scheme for the Frechet poly(aryl)ether 
dendrons used in this study.
4.1.1 Literature Examples of Type IA Rotaxane Dendrimers
Rotaxane dendrimers in which the dendrons are attached to the axle of the 
mechanical link have been explored by the groups of Stoddart29c and Vogtle.29ab’66 Such 
two-directional dendrimers76 have physical properties dependent on the size and type of 
dendron used as stoppering unit.
For example, Stoddart et al.29c have synthesized a series of rotaxanes 
incorporating G3-Frechet-type poly(aryl)ether dendrons as stoppers and the 
BPP34C10/PQT2- recognition motif (Figure 4-4).’’b'3’2'61 Under ultra high pressure 
conditions (12 kbar), 4,4-bipyridyl 4-1 was reacted with G3-Br in the presence of 4 
molar equivalents of BPP34C10. After stirring for 72 hours at room temperature followed 
by silica gel column chromatography, the G3-capped [2]rotaxane was isolated in 27% 
yield as the dibromide salt 4-2 [Br] 2. Even though bromide anions are present in addition
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to a dicationic backbone, 4-2[Br]2 is easily purified via silica gel column chromatography 
using a relatively non polar eluent (95:5, CH^CF'.EtOH).









Figure 4-4 Stoddart’s Type IA rotaxane dendrimer incorporating Frechet-type 
dendron stoppers and a BPP34C 10/paraquat rotaxane core.
Higher polarity solvent systems composed of various combinations of MeN02, 
methanol and NEUCl^q) have traditionally been used for analogous rotaxanes containing 
tetraarylmethane-based stoppers (Figure 4-3).77 Once isolated, as a result of the dendritic, 
non-polar shell encapsulating the relatively polar rotaxane core, 4-2[Br]2 was soluble in a 
wide range of organic solvents, e.g., CHCb, acetone and THF.
Figure 4-5 Tetraarylmethane stoppered thread requiring a high polar eluent during 
silica gel column chromatography.
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In order to test the spatial demands of using Frechet-type dendrons as stoppers, 
Vogtle et al. synthesized a series of dendron capped [2]rotaxanes with varying sized 
dendrons (Figure 4-6) .29ab'66 Using a known trapping procedure,16ab the G2-Br, the G2- 
OH, tetralactam macro cycle 3-2 and K2CO3 were mixed. The base removed a proton 
from G2-OH resulting in complexation of the phenolate anion by 3-2 and orientation of 
the guest appropriately for rotaxane formation. This supramolecular nucleophile then 
attacks the electophilic benzylbromide G2-Br producing 4-3, a neutral, bis G2-capped 
[2 ]rotaxane.
Figure 4-6 Template directed synthetic protocol used to determine the relative spatial 
demand of various rotaxane stoppers using a tetralactam macrocycle 3-2. 
The G2/G2 capped [2]rotaxane 4-3 is shown.
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Other combinations of stoppers (symmetric and unsymmetric) were employed and 
a series of [2]rotaxanes were synthesized. These compounds were compared to one 
another under varying temperature conditions and an empirical ranking list was 
formulated based on the relative size difference of the stoppers: G1 (Frechet) < DrBP 
(3,5 -di-rm-butylphenyl) < T1 (p-tritylphenol) < G2 (Frechet) < T2 (rerr-butyl substituted 
jp-tritylphenol) < G3 (Frechet).66
The properties of Type IA rotaxane dendrimers are very dependent on the 
generation size of the dendrons attached as stoppering units to the thread. As seen in 
Figure 4-4, by altering the size of the dendron it is possible to solubilize relatively polar 
rotaxanes in non-polar solvent systems. This enables the study of these molecules in 
solvent systems which enhance the supramolecular interactions between components.
4.1.2 Literature Examples of Type IC Rotaxane Dendrimers
Type IC rotaxane dendrimers, having dendritic units as part of both the thread and 
the macrocycle, have been explored by Jeong,78 Vogtle29a and Stoddart.79 Their physical 
properties have again been found to depend on the dendrimer generation size.
For example, using self-assembly and stepwise assembly approaches (Figure 4-7 
(a) and (b), respectively), Jeong et al. synthesized the Type IC rotaxane dendrimer 4-7 
based on amide hydrogen bonding interactions between the thread and the macrocycle. 
Adipamide containing thread 4-4 with G l, G2 and G3 appended dendrons was mixed 
with bis-lutidyl ligand 4-5, and 2,3-dimethyl-2-butene in CHCI3 . No change was 
observed in the ]H NMR spectrum of the mixture compared to that of the individual 
starting materials, indicating that no supramolecular complex had formed. Upon addition
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of 0sC>4, two new sets of signals appeared in the :H NMR spectrum. In particular, the 
adipamide methylene units were shifted upfield compared to 4-4, indicating threading of
4-7
Figure 4-7 Formation of Type IC rotaxane dendrimer 4-7 from (a) a self-assembly 
approach and (b) a stepwise assembly approach.
Complex formation was further indicated by an observed downfield shift of the 
NH protons of 4-6 due to their hydrogen bonding interactions with the carbonyl groups of
4-4. Stepwise assembly of 4-7 can also be achieved with pre-formed 4-4 and 4-6 via two 
possible pathways: threading or clipping. The threading approach requires that 4-4
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possess end groups able to thread through the preformed cavity of 4-6, analogous to other
of the osmium-nitrogen coordination bond. This lability allows the bond to break and 
reform at room temperature, thus giving an equilibrium between the [2]rotaxane 4-7 and 
uncomplexed 4-4 and 4-6. Two observations were made upon increasing the generation 
size of the Frechet-type dendrons of 4-6 and 4-4. First, the binding affinity of the thread 
towards the macrocycle decreases as the dendron generation size of the rotaxane 
components increases. This is presumably due to increased steric crowding between 
neighboring dendritic branches. Second, the activation energy to assembly by the 
disassembled components increases with increasing generation size of the dendrimers. 
Again, this is due to steric interactions between neighboring dendron units.
Type IC rotaxane dendrimers possessing chiroptical properties have been 
synthesized by Vogtle et al. These cycloenantiomeric [2]rotaxanes are formed from non- 
chiral macrocycles and threads. However, when the mechanical bond is formed, chirality 
is introduced (Figure 4-8).
Figure 4-8 Cartoon representation of a cycloenantiomeric pair of [2]rotaxanes formed
rotaxane systems.'8c,23,25-27,81 The clipping approach for these species " exploits the lability
Achiral macrocycle
mirror plane
Achiral thread Cycloenantiomeric pair of 
[2]rotaxanes
from achiral starting materials.
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As shown in Figure 4-9, a racemic mixture of 4-8 was reacted with different 
generations of Frechet dendrons (G-0 to G-2) in DMF at room temperature using K2CO3 
as base. These conditions ensured reaction at the sulfonamide nitrogen of the macrocycle 
and thread rather than the amide nitrogens.
Figure 4-9 Synthesis of a cycloenantiomeric rotaxane dendrimer 4-9.
Resolution of the racemic mixture was successful for rotaxanes containing both 
the GO and G1 dendrons but not G2. Circular dichroism (CD) performed on the GO and 
G1 rotaxanes were found to show slightly higher molar CD’s compared to the 
cycloenantiomeric precursor 4-8. This effect became more pronounced as the dendron 
grew due to conformational changes between the macrocycle and the thread in order to 
minimize repulsive and/or maximize attractive forces between the individual 
components.292
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A slippage approach was used to assemble a Type IC rotaxane dendrimer with 
potential for drug delivery applications. An earlier discovery lead Stoddart et al. to 
incorporate a cyclohexyl stoppering group as a stopper since it was found to behave as a 
slippage stopper.ljb To further test its validity, 4-10[PF6], a dialkylammonium salt 
possessing a cyclohexyl-slippage stopper at one end and a Frechet-type G2 dendron at the 
other, was refluxed in CH2CI2 for 10 days in the presence of DB24C8 (10 equivalents). 
When the reaction was near completion, as determined by NMR spectroscopy, the 
reaction mixture was purified by column chromatography (SiCb: CH2CI2/THF, 95:5) and 
the [2]rotaxane was isolated in 39% yield, suggesting that the product is stable enough to 
be isolated without undergoing dissociation.
DMSO, RT, 4  days
Figure 4-10 Slippage approach to dendrimer formation using a hydrogen bonding 
capable dialkylammonium salt 4-10[PF$] and its recognition for a G2 
containing DB24C8 macrocycle 4-11.
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In addition, under relatively non-polar conditions, 4-10[PFe] behaves as a 
[2]rotaxane as opposed to a [2]pseudorotaxane. When this rotaxane was dissolved in 
DMSO, dissociation of the complex was observed with a half-life of 7.8 hours. To further 
test this slippage approach, 4-12[PF6] was synthesized from 4-10[PF6] and a DB24C8 
moiety functionalized with two second generation dendrons 4-11 as shown in Figure 4-10 
above.
4-10[PF6] (3 equivalents) and 4-11 were refluxed in CH2CI2 for 90 days. The 
reaction mixture was then purified by column chromatography and the [2]rotaxane 4- 
12[PFe], was isolated in 19% yield. FABMS and ’H NMR spectroscopy were used to 
confirm the interlocked nature of the two components. Exposing 4-12 [PF6] to DMSO 
resulted in a dissociation having a half-life of 17.7 hours at room temperature, longer than 
any of the previous systems. This suggests that the release kinetics of these systems 
might be modified simply by altering the generation size of the dendrons.
4.1.3 Our Approach
Figure 4-11 Incorporation of Frechet-type dendrons into the l,2-bis(dipyridinium) 
ethane/DB24C8 {Loeb) rotaxane motif.
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The generation size of the dendritic appendages has been shown to have a 
dramatic influence on various properties of rotaxane dendrimers, including solubility and 
rotaxane release kinetics. With this in mind, we aimed to synthesize a series of Type IA 
and Type IC rotaxane dendrimers (Figure 4-11) using the 1,2- 
bis(dipyridinium)ethanecDB24C8 recognition motif2'3’26 and incorporating Frechet-type 
poly(aryI)ether dendrons as stoppers (Type IA) and as stoppers and macrocyclic 
appendages (Type IC). In addition, we also sought to test the solubility modifications that 
could be obtained simply by increasing or decreasing the generation size of these 
dendrons.
4.2 RESULTS AND DISCUSSION
4.2.1 Synthesis and Characterization of Frechet-Type Poly(aryl)ether Dendrons
Frechet-type poly(aryl)ether dendrons were chosen as the dendritic appendages 
since (z) they are easily prepared from commercially available starting materials, (ii) the 
dendron structures should not interfere tremendously with the non-covalent interactions 
that need to take place between the thread and macrocycle and (z'z'z) they have been 
shown29c to increase the solubility of polycationic structures in non-polar solvents. Their 
synthesis was carried out using a modified literature procedure (Figure 4-12) .34
3,5-Dihydroxybenzylalcohol 4-13 was reacted with benzylbromide in the 
presence of 18C6 under Williamson ether synthesis conditions (refluxing acetone, 
K2CO3) to give the first generation alcohol. The crude reaction mixture was dissolved in 
THF and carbon tetrabromide was added. The solution was cooled to 0°C when 
triphenylphosphine was added and the reaction stirred for 45 minutes. The reaction
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Type I  Rotaxane Dendrimers 141
contents were poured over cold water, extracted into CH2CI2 and column chromatography 
(SiC>2, CH2CI2) was performed to isolate 4-14 (Gl-Br) in 67% overall yield.
HO.
1) Benzyl bromide, 
18C6, K2C 03, 
l| T  acetone. A, 3 days
Y  -------------------►
OH 2) CBr4, PPh3, THF,
4-13
0°C, 45 mins 4-14
V
1 )4 -1 3 ,1 8C6, K2C 0 3, 
acetone, A, 3 days
* ----------------------
2) CBr4, PPh3, THF, 
0°C, 45 mins
1)4-13, 18C6, K2C 0 3, 
acetone, A, 3 days





Figure 4-12 Modified synthetic protocol 4̂ for Frechet dendrons.
The first generation alcohol was taken right through to the bromination step 
without being isolated since it was found that 4-14 ran with the solvent front (Rf =  0.96) 
while all of the other side products did not. Furthermore, the side products were found to 
migrate with similar Rf values as the desired alcohol products. Similar reaction conditions 
were employed to synthesize 4-15 (58% yield) and 4-16 (78%). X-ray quality crystals of 
4-14 were obtained from a cooled CHCl3/hexanes/ether solution of 4-14. Using molecular
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mechanics (MM2), models of 4-15 and 4-16 were obtained and are shown in Figure 4-
Figure 4-13 Molecular mechanics simulations of 4-14 (left), 4-15 (middle) and 4-16 
(right).
]H NMR spectra were consistent with literature values/ 4 Upon comparing the 
spectra of G1-G3 there is a distinct increase in the numbers of groups of peaks around 5.0 
and 6 .6  ppm, indicating the addition of another shell to the structure (Figure 4-14). 
Furthermore, it is apparent that there is an increase in the complexity of the different 
types of signals due to more of the same types of protons being introduced. In addition, it 
should be noted that the singlet at 4.40 ppm arises from the bromomethyl protons. When 
taking part in rotaxane systems, this signal disappears and a new signal appears 
downfield at 5.70 ppm, indicating covalent attachment to the pyridinium ring.
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Figure 4-14 ]H NMR spectra in CDCI3 showing similarities between the first three 
generations of Frechet-type dendrons as their bromomethyl derivatives.
4.2.2 Synthesis and Characterization of Dendron Appended DB24C8
In order to synthesize Type IC rotaxane dendrimers, Frechet dendrons were 
covalently attached to methyl alcohol functionalized DB24C8, 2-41. The synthesis of 
these dendritic crown ethers8j was carried out under Williamson ether synthesis 
conditions using benzylbromide (GO), 4-14 (Gl) and 4-15 (G2) as the dendritic 
appendages (Figure 4-15).
/ ^ d  v / " d  ^
Figure 4-15 Synthetic protocol for dendron functionalized DB24C8 4-17, 4-18 and 
4-19.
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NaH was added to a solution of 2-27 in THF under an atmosphere of nitrogen. 
When gas evolution had ceased, the desired dendron fragment (GO, G1 or G2) was added 
and the reaction heated at 50°C for 3 days before standard extractive workup and column 
chromatography. The GO and G1 DB24C8’s were isolated as white solids in 86  and 90% 
yields, respectively, while the G2 compound was isolated as a golden oil in 96% yield.
ESI-MS analysis displayed peaks corresponding to monocationic compounds 
resulting from the complexation of a single sodium ion (Table 4-1), much like the 
branched crown ethers of Chapter 3.
Table 4-1 Yields and ESI-MS data for dendritic crown ethers 4-17 to 4-19.
Compound Generation Yield (%)
[M + N a f
calculated observed
4-17 0 86 591.2570 591.2592
4-18 1 90 803.3407 803.3372
4-19 2 96 1227.5082 1227.5071
It should be noted that even though the dendritic fragments can get large, the focal 
crown ether functionalities are still readily accessible. ]H NMR spectroscopy carried out 
in CDCI3 for 4-17 to 4-19 showed peak patterns characteristic of signals from the original 
components. Major differences were apparent in the aromatic region as a build up of 
dendron bulk introduces a more complex set of peaks that grow relative to the DB24C8 
portion of the molecule (Figure 4-16).
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6.07.0 6.5 5.07.5 4.0
Figure 4-16 ]H NMR spectra of the first generation crown ether 4-18. The green 
circles indicate the signals which become more complex as the generation 
size increases.
4.2.3 Synthesis and Characterization of Rotaxane Dendrimers
The rotaxanes used in this study were synthesized using a similar synthetic 
protocol as that used to create all of the rotaxane systems incorporating the Loeb rotaxane 
motif.2:>"26 First, the crown ether (2  equivalents), and 2-32[BF4]2 were mixed in MeNCb 
and allowed to stir together at room temperature for 10 minutes to ensure dissolution and 
pseudorotaxane formation as indicated by the solution turning yellow. At this time, four 
equivalents of the desired dendritic stopper were added along with a layer of saturated 
aqueous NH4PF6. The solution was then stirred for 14 days at room temperature. In the 
case of the second and third generation dendrons, small amounts of CHCI3 were added to 
ensure dissolution of the highly non-polar dendrons. When the reaction was completed, 
standard salt precipitation with diethyl ether was carried out and the desired product was 
separated from the reaction side products using silica gel column chromatography and 
obtained in good yields (Figure 4-17).
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Compound Yield
G 10C H ,
G 10C H ,
G 10C H ,
Figure 4-17 Synthesis and yields of rotaxane dendrimers 4 -2 0 [PF6]4 to 4-25[PF6]4-
The influence of the dendron generation became apparent when the eluent was 
chosen to induce separation. A highly polar mixture of methanol, MeNC>2 and 2M 
aqueous NH4CI (3:1:1) was needed to separate compounds 4 -2 0 [PF6]4, 4-21 [PFek and 4- 
23[PF6]4 as the dendritic appendages were not large enough to completely encapsulate 
the polycationic core (see Section 4.3.7). As the dendron generations grew, in 
compounds 4 -2 2 [PFg]4, 4-24[PF6]4 and 4-25[PF6]4, a more non-polar eluent (5% EtOH 
in CH2CI2 after straight CH2CI2) could afford separation of the desired rotaxane from its 
unreacted starting materials. In fact, when the highly polar system, mentioned above, was 
used as the solvent system these rotaxanes did not migrate at all. This emphasizes that the 
physical properties of these rotaxane dendrimers can be altered simply by increasing the 
generation size of the dendrons employed.
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2-32[PF6]
MeCN, A, 48 hours
4-26[PFg]4 (4-14)
4-27[PF6l4 (4-15)
Figure 4-18 Synthesis of capped threads 4-26[PF6]4 and 4-27[PF6]4-
In addition to these rotaxane dendrimers, capped threads 4-26[PFe]4 and 4- 
27[PF6]4 were prepared by reacting 2-32 [PFs] 2 with four equivalents 4-14 and 4-15, 
respectively (Figure 4-18). Both reactions were carried out in refluxing MeCN for 48 
hours and the experimental workup was dependent on the generation size of the stoppers. 
The first generation stopper 4-14 was not large enough to completely envelope the 
polycationic backbone of the thread (see Section 4.3.7). Thus, the thread remained 
relatively polar. As such, once the reaction solvent was removed, purification of the 
yellow solid involved a simple repetitive washing with CH2CI2. This removed the non­
polar poly(aryl)ether dendrons leaving the more polar 4-26 [PFek as a yellow solid. In 
contrast, 4-27[PFe]4 became more non-polar as a result of the larger dendron stoppers 
(G2) ability to shield a greater amount of the polycationic backbone. Purification by 
continuous rinsing with CH2CI2 resulted in the eventual dissolution of 4-27[PF6]4 and as 
such, column chromatography was needed. This further indicates that increasing the 
generation of dendron can have profound effects on the properties of the entire molecule 
in question.
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4.2.4 Compound Characterization by ]H NMR Spectroscopy
!H NMR proved to be a very useful technique when characterizing the rotaxane 
dendrimers synthesized in this study. As they all possess a common l,2-bis(4,4'- 
bipyridinium)ethaneczDB24C8 core, they all show similar signals.20'26 The same 
hydrogen bonding and aromatic 7t-stacking interactions can be seen when comparing the 
MeCN spectra of 4-20[PF6]4 and 4-26[PF6]4; a [2]rotaxane and its corresponding capped 
thread, respectively (Figure 4-19).
4-26
4-20
ppm 9.5 9.0 8.0 7.0 6.5 5.0 4.08.5 7.5 6.0 4.5
Figure 4-19 Comparison of !H NMR spectra in CD3CN of a first generation capped 
thread 4-26[PF6]4 and its [2]rotaxane complex with DB24C8 4-20[PF6]4. 
Hydrogen bonding interactions are indicated by blue arrows while 71- 
stacking interactions are shown by the orange arrow.
Various non-covalent interactions are involved in holding complex 4-20[PF6]4 
together. Two major hydrogen bonding interactions are apparent for the ethylene and the 
a-pyridinium protons. In the free thread, the four ethylene protons resonate at 5.23 ppm
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while in the rotaxane complex, a series of C-H""0 hydrogen bonding interactions occur 
causing a downfield shift of the singlet to 5.61 ppm (A8  = 0.38 ppm). A downfield shift 
from 8.96 to 9.32 ppm of the a-pyridinium protons (A8 = 0.36 ppm) also indicates 
hydrogen bonding of the acidic pyridinium protons with the polyether oxygen atoms of 
the macrocycle. An upheld shift of the doublets representing the (3-pyridinium protons 
from ca. 8.50 to 8.10 ppm is indicative of 7t-stacking interactions between the electron 
rich catechol rings of the macrocycle and the electron poor pyridinium rings in the thread.
•  •  t
ppm 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
Figure 4-20 !H NMR spectra of 4-20[PF6]4 (Gl), 4-21[PF6]4 (G2) and 4-22[PF6]4 
(G3) in CD3CN. The green dots represent the signals becoming more 
intense and complex as the dendron generation is increased.
In comparing the ’H NMR spectra of different generations of rotaxane dendrimers 
in MeCN, many similarities are observed due to the common cores. For example, similar 
upfield and downfield shifts occur, indicative of the various supramolecular interactions 
holding the molecules together. The major differences arise from increasing generation
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size of the dendrimer units (Figure 4-20). As the generations grow so do the number and 
complexity of the peaks associated with them (green dots in Figure 4-20).
The outer poly(aryl) signals appear as a multiplet centered around 7.40 ppm. In 
the case of the first generation complex 4 -2 0 [PF6]4, this set of peaks is five times as 
intense as any one of the four pyridinium doublets between 8.00 and 9.40 ppm. The 
growth of these dendrons becomes apparent as the ratio of the same peaks is 10 and 2 0  
times for the second (4-21 [PFek) and third (4 -2 2 [PF6]4) generation rotaxanes, 
respectively. The same behavior can be seen when the crown ether is switched from 
DB24C8 to the first generation crown ether 4-18. Upon introducing an unsymmetrical 
crown ether as well as another dendron fragment, more signals with greater complexity in 
the 'H NMR spectra of compounds 4-23[PF6]4 to 4-25[PF6]4, are observed.
4.2.5 Solubility Studies on Rotaxane Dendrimers
Through varying the size of the dendron used as stopper and/or crown appendage, 
this study has shown that one can dissolve the slightly soluble tetracationic rotaxane 
systems in solvents ranging in polarity from methanol (very polar) to toluene (very non­
polar). Several important features can be seen upon examination of Figure 4-21. The 
most obvious of these is the variety of solvents in which each compound can dissolve. As 
the generation of the stoppers or the macrocyclic appendages grow, so do the molecules’ 
ability to dissolve in non-polar solvents.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Type I  Rotaxane Dendrimers 151
C6D6
b e  d e
"Nl /)—(\ Jn 4-25









CD2 C12 A i i
\f\









c d 3 n o 2
l! !!











_J1___ / L _
!l 1
f\ f/ 1 i A 4-20
CD3 OD ft !i__K__Jl__ J
I 1H AI JL 4-20
ppm 9.5 9.0 B.b 8.0
Figure 4-21 *H NMR spectra of compounds 4-20[PF6]4 to 4-25[PF6]4 in a variety of 
solvents of differing polarity.
For example, 4-20[PF6]4 dissolves freely in polar solvents such as methanol but is 
insoluble in non-polar solvents such as CH2CI2. In contrast, 4-25[PFe]4 dissolves freely in
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CH2CI2, CHCI3 and benzene while it forms an insoluble ball in the bottom of a methanol 
filled vial. It is apparent that the larger dendrons are able to form a non-polar shell around 
the relatively polar tetracationic rotaxane core, thus enabling it to easily solubilize in non­
polar media. When the smaller dendrons are employed, they are unable to shield the 
entire rotaxane core and so some or most of the polycationic core is still accessible to the 
solvent. Thus, these rotaxanes are soluble in more polar media but not in non-polar 
solvents.
Signals corresponding to the p-pyridinium protons appear as two peaks at the 
extreme right of each partial spectrum shown in Figure 4-21. These signals remain 
relatively constant throughout the spectra, never more than 0 .2  ppm apart from each 
other, as they are involved in rc-stacking but no hydrogen bonding interactions. Although 
these interactions can be solvent dependent310 they are not easily perturbed by the bulk 
solvent in these permanently interlocked systems. In contrast, the a-pyridinium protons 
(not directly involved in hydrogen bonding with the macrocyclic oxygen atoms) are far 
enough from the macrocyclic aromatic protons and are much more exposed to 
interactions with the bulk solvent. The signals corresponding to these protons vary to a 
much greater degree than the others since they are easily accessible by the solvent 
molecules and are the most affected by the microenvironment produced by the proximal 
dendritic stoppers.
A final feature o f interest is the broadness o f the peaks arising from the non-polar 
solvents such as benzene, toluene and even CHCI3 . These solvents cause the rotaxane 
dendrimers to become more ball-like and as such, the relative motion of the rotaxane 
components is hindered. Sharp signals arise when all molecular orientations of the
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dissolved compound are sampled within the NMR timeframe; the resulting average signal 
is what we observe. When the molecular motion is slowed, however, not every 
orientation is sampled and hence extremely broad signals are observed as shown in 
Figure 4-22(a) for 4-25 [PFek in toluene.
(b) iV.
8.09.5 9.0 8 .ppm
Figure 4-22 [H NMR spectra of 4-25[PF$]4 in toluene-dg at (a) 303K and (b) 343K.
When the motion of the molecules is increased by increasing the temperature of 
the sample, one observes that the previously broad signals become increasingly narrow 
and sharp (Figure 4-20b), indicating that the components of the rotaxane now move more 
freely relative to one another.
4.2.6 ESI-MS results
ESI-MS results given in Table 4-2 show peaks corresponding to the loss of one, 
two, three and four PF6 counterions to the polycationic species detected in the 
experiment.
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4-21 [4-21-2PF6]2̂ 1266.4594 1266.4589
4-22 [4-22-2PF6]2+ 2114.7943 2114.7844
4-23






















4-25 [4-25-2PF6]2̂ 2280.8649 2280.8748
4.2.7 X-Ray Crystal Structures of 4-20[BF4]4 and 4-26[OTf]4
Crystals of both 4-20[BF4]4 and 4-26[OTf]4 were grown by slow diffusion of 
diethyl ether into a concentrated MeCN solution of the compound. Both compounds 
belong to the space group P-l. In comparing the crystal structure “ of 4-20[BF4]4 (Figure 
4-24) to similar rotaxane structures2'3'26 many similarities are observed: (i) the DB24C8 
macrocycle adopts a characteristic S-conformation when threaded by the dipyridinium 
ethane axle, therefore enabling it to maximize ^-stacking interactions; (ii) typical C-H" O 
hydrogen bonding distances between the polyether oxygen atoms of the crown and the
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ethylene as well as the a-pyridinium protons of the thread ranging from 3.3 to 3.4 A 
(distance between non-hydrogen atoms) are present; and {Hi) the central -NCH2CH2N- 
unit adopts an awrz'-conformation in order to maximize favorable hydrogen bonding and 
ion-dipole interactions.
(a)
Figure 4-23 X-ray crystal structure of 4-20[BF.i]4 as (a) a space filling top side view 
and (b) a ball and stick side view.
When comparing the [2]rotaxane 4-20[BF4]4 to the capped thread 4-26[OTf]4 
(Figure 4-24), very few differences are observed. Except for minor conformational 
differences in the threads, the rotaxane and the thread are essentially the same. For 
instance, it can be seen that the dendrons are directed towards opposite sides of the plane 
of the thread due to their desire to shield the cationic charges on the side opposite that
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which is partially shielded by the catechol portions of the macrocycle. Considering 
previously reported molecular modeling simulations290 as well as our own (Figure 4- 
13),87 it is apparent that increasing the generation size of the dendron could lead to 
complete encapsulation of the polycationic core. One can imagine that by adding a 
second and even a third generation of dendrons to the stoppering units, complete 
encapsulation of the polar core by the non-polar dendrons will take place and hence 
account for the observed increase in solubility in non-polar solvents.
Figure 4-24 X-ray crystal structure of 4-26[OTf]4 (a) ball and stick and (b) space 
filling representations.
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4.3 CONCLUSIONS
The synthesis of a series of Type LA. and Type IC rotaxane dendrimers was carried 
out and the compounds were successfully characterized by NMR spectroscopy and 
ESI-MS. X-ray crystal structures were obtained for the [2]rotaxane 4 -2 0 [BF4]4 and the 
capped thread 4-26[OTf]4. The solubility of these compounds in various solvents was 
investigated and was found to be dependent on the size of the dendrons employed in the 
individual syntheses and the polarity of the solvent used. As the dendron generation size 
increased, the rotaxane could be dissolved in increasingly non-polar media. As the 
solvent becomes less polar, the dendritic arms are able to fold over and encapsulate the 
polycationic thread, inhibiting solvent/dipole interactions. Large conformational changes 
occur which are evidenced when the NMR spectra were observed for a series of varying 
polarity solvents. As the polarity of the solvent decreases and the dendrons encapsulate 
the cationic charges, solvent molecules are unable to participate in hydrogen bonding 
interactions with the acidic a-pyridinium protons of the thread. Hence, their NMR signals 
become more shielded. When the polarity o f the medium increases, the cationic charges 
become more exposed as the dendrons no longer encapsulate the thread thus enabling 
solvent molecules to hydrogen bond causing a downfield shift of their signals.
4.4 EXPERIMENTAL
4.4.1 General Comments
18-Crown-6 (18C6), benzyl bromide, carbon tetrabromide, 3,5-dihydroxybenzyl 
alcohol, sodium hydride, tetrabutyl ammonium iodide (TBAI) and triphenyphosphine 
were purchased from Aldrich and used as received.
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4.4.2 Synthesis of compound 4-14
A mixture of 3,5-dihydroxybenzylalcohol (14.9 g, 106 mmol), benzylbromide 
(38.6 g, 226 mmol), K2CO3 (35.7 g, 258 mmol) and 18C6 (0.580 g, 2.19 mmol) in dry 
acetone (400mL) was refluxed under nitrogen for three days. After filtration, the filtrate 
was evaporated and the residue was partitioned between CH2CI2 and water. The aqueous 
layer was washed with CH2CI2 (2 x 50mL) and the combined organic extracts were dried 
(MgSC>4) and evaporated to yield a golden residue which was used without further 
purification. Carbon tetrabromide (75.8 g, 229 mmol) and the residue were dissolved in a 
minimum amount of THF (500mL) and cooled to 0°C. Triphenylphosphine (56.9 g, 217 
mmol) was added and the solution stirred at 0°C for 45 minutes. The mixture was filtered 
and the filtrate was poured over cold water (200mL) and extracted into CH2CI2 (3 x 
50mL). The combined organic layers were dried (MgSCU) and evaporated. The golden 
residue was purified by dry column chromatography (SiC>2, CH2CI2) to yield 4-14 as a 
white solid (27.3 g, 67%, Rf = 0.96). X-ray quality crystals were grown from a cooled, 
concentrated CHCI3:ethenhexanes solution of 4-14. ESI-MS: m/z [4-14 + H]~ calc. 
383.0647, found 383.0666.
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f
g
Table 4-3 'H NMR spectroscopic data for 4-14 in CDCI3 .
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 4.01 s 2 —
b 8.43 d 4 0 11 1—
•
c 9.00 t 1 Vcb= l-7
d 5.07 s 2 —
e-g 7.89 m 10 —
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4.4.3 Synthesis of compound 4-15
The same procedure as 4-14 was used with 4-14 instead of benzylbromide and the 
solid obtained was recrystallized from toluenerhexanes (4:1) to yield 4-15 as a white solid 
(16.8 g, 58%, Rf = 0.96). ESI-MS: m/z [4-15 + H f  calc. 807.2321, found 807.2298.
Table 4-4 'H NMR spectroscopic data for 4-15 in CDCb.
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 4.41 s 2 —
b 6.62 d 2 4Jbc =  2.2
c 6.52 t 1 4Jcb = 2.2
d 4.96 s 4 —
e 6.68 d 4 4Jc f = 2 . 2
f 6.58 t 2 V fe = 2.2
O 5.04 s 8 —
b-j 7.32-7.43 m 20 —
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4.4.4 Synthesis of compound 4-16
The same procedure as 4-14 was used with 4-15 instead of benzylbromide to yield 
4-16 as a white solid (7.23 g, 78%, Rf = 0.96). ESI-MS: m/z [4-16 + H]+ calc. 1655.5671, 
found 1655.5702.
Table 4-5 'H NMR spectroscopic data for 4-16 in CDCI3 .
Proton 8 (ppm) Multiplicity #  Protons /(H z)
a 4.37 s 2 —
b 6.60 d 2 4Jbc =  2.1
c ,f 6.52-6.53 m 0 —
d 4.94 s 4 —
e 6.63 d 4 4Jet= 2.1
a& 4.95 s 8 —
h 6.66 d 8 4Jin ~  2.2
i 6.55 t 4 Vih = 2.2
j 5.00 s 16 —
k-m 7.25-7.40 m 40 —
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4.4.5 Synthesis of compound 4-17
This compound was synthesized using a modification of reference 83. 2-27 (0.461 
g, 0.963 mmol) and benzylbromide (0.267 g, 1.56 mmol) were added to a suspension of 
sodium hydride (0.253 g, 10.5 mmol) in dry THF (50mL) and the mixture refluxed for 
three days under a nitrogen atmosphere. Water (30mL) was slowly added to quench the 
reaction and the product was extracted into CH2CI2 (3 x 20mL). The organic layers were 
combined, dried (MgSCL), filtered and concentrated. The residue was subjected to 
column chromatography (SiCb, CH2CI2 and then methanol was added to elute the last 
compound). Like fractions were combined and concentrated to yield a yellow oil which 
was dissolved in CHCI3 (3mL). Hexanes were added to precipitate 4-17 as a white solid 
(0.471 g, 8 6 %). ESI-MS: m/z [4-17 + N a f  calc. 591.2570, found 591.2592.
m
a
Table 4-6 ]H NMR spectroscopic data for 4-17 in CDCI3.
Proton 8 (ppm) Multiplicity # Protons
a, b, i, j, k 6.81-6.89 m 7
c, h 4.13-4.15 m 8
d,g 3.89-3.91 m 8
e ,f 3.82 s 8
1 4.45 s 2
m 4.51 s 2
n,o,p 7.14-7.33 m 5
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4.4.6 Synthesis of compound 4-18
The same procedure as 4-17 was used with 4-14 instead of benzylbromide to yield 
4-18 as a white solid (0.748 g, 90%). ESI-MS: m/z [4-18 + Na]T calc. 803.3407, found 
803.3372.
a
Table 4-7 'H NMR spectroscopic data for 4-18 in CDCI3 .
Proton 8 (ppm) Multiplicity # Protons 7  (Hz)
a, b, i, j, k 6.83-6.90 m 7 —
c, h 4.13-4.16 m 8 —
d ,g 3.89-3.92 m 8 —
e ,f 3.82-3.83 m 8 —
1 4.44 s 2 —
m 4.46 s 2 —
n 6.62 d 2 Vno =1.3
0 6.56 t 1 Von =1.3
P 5.03 s 4 —
q-s 7.31-7.42 m 10 —
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4.4.7 Synthesis of compound 4-19
The same procedure as 4-17 was used with 4-15 instead of benzylbromide to yield 
4-19 as a yellow oily product (1.007 g, 96%). ESI-MS: m/z [4-19 + Na]T calc. 
1227.5082, found 1227.5071.
Table 4-8 ’H NMR spectroscopic data for 4-19 in CDCls (at 300 MHz).
Proton 5 (ppm) Multiplicity # Protons /(H z )
a ,b , i, j, k 6.83-6.91 m 7 —
c, h 4.12-4.18 m 8 —
d ,g 3.89-3.94 m 8 —
e ,f 3.83-3.84 m 8 —
1 4.45 s 2 —
m 4.47 s 2 —
n 6.62 d 2 4T = 9 9n̂o >
0 6.53 t 1 4 T = 9 9  »/on
P 4.99 s 4 —
q 6.70 d 4 4 T = 99J  q r —
r 6.59 t 2 4Jm = r) 1 •Jxq —
s 5.05 s 8 ---
t-v 7.33-7.45 m 20 ---
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4.4.8 Synthesis of compound 4-20
(a) As the BF4 salt (4-20[BF4]4)
2-32[BF4]4 (0.103 g, 0.200 mmol), 4-14 (0.311 g, 0.814 mmol), DB24C8 (0.182 
g, 0.406 mmol) and a catalytic amount of TBAI (15 mg) were dissolved in MeCN 
(20mL) and the reaction stinred at room temperature for 7 days. The mixture was filtered 
and the filtrate concentrated (3mL) and precipitated with diethyl ether. The red/orange 
precipitate was filtered through Celite and washed into a clean flask with MeCN. The 
solvent was evaporated and the red/orange residue was subjected to column 
chromatography (SiCb, methanol:MeNC>2:2M NEUCl^q), 6:2:2). Like fractions were 
combined, anion exchanged (NaBF4) and evaporated to yield 4-20[BF4]4 as a red/orange 
glassy solid (0.113 g, 33%, Rf = 0.45). X-ray quality crystals were grown by slow 
diffusion of diethyl ether into a concentrated MeCN solution of 4-20[BF4]4. ESI-MS: m/z 
[4-20 -  BF4f  calc. 1655.6643, found 1655.6611, [4-20 -  2 BF4]2+ calc. 784.3307, found 
784.3337.
(b) As the PF6 salt (4-20[PF6]4)
2-32[PF6]4 (0.070 g, 0.111 mmol), 4-14 (0.176 g, 0.461 mmol), DB24C8 (0.102 
g, 0.227 mmol) and a catalytic amount of TBAI (15 mg) were dissolved in MeNCb 
(lOmL). Water (lOmL) and 2mL of saturated NH4PF6(aq) were added and the two layer 
reaction stirred at room temperature for 21 days (at 7 and 14 days the aqueous layer was 
replaced with fresh distilled water). The organic layer was separated, dried (MgS04), 
concentrated (2mL) and precipitated with diethyl ether. The precipitate was filtered 
through Celite and washed into a clean flask with MeCN. The solvent was evaporated
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and the red/orange residue was subjected to column chromatography (S1O2, 
methanol:MeN0 2 :2 M NHUCl^q), 7:1:2). Like fractions were combined, anion exchanged 
(NH4PF6) and evaporated to yield 4 -2 0 [PF6]4 as a red/orange glassy solid (0.103 g, 47%, 
Rf = 0.49). ESI-MS: m/z [4-20 -  PF6f  calc. 1829.5481, found 1829.5514, [4-20 -  2 
PF6]2_ calc. 842.2920, found 842.2927, [4-20 -  4 PF6]4'  calc. 348.6639, found 348.6633.
a
r °
Table 4-9 'H  NMR spectroscopic data for 4-20 [BF.^ in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 6.44 m 4 —
b 6.65 m 4 —
c-e 4.01-4.05 m 24 —
a 5.61 s 4 —
b 9.32 d 4 5/bc = 6.7
c 8.17 d 4 5Jcb = 6.7
d 8.10 d 4 J/ de = 6.7
e 8.92 d 4 0. II ON
f 5.74 s 4 ---
a& 6.74 d 4 Vg„=1.9
h 6.76 t 2 % 5=1.9
i 5.13 s 8 —
7.35-7.45 m 20 —
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Table 4-10 !H NMR spectroscopic data for 4 -2 0 [PF6]4 in CD3CN.
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 6.45-6.47 m 4 —
b 6.64-6.65 m 4 —
c-e 4.01-4.05 m 24 —
a 5.62 s 4 —
b 9.33 d 4 JVbc = 6.9
c 8.15 d 4 3Job = 6.9
d 8.07 d 4 %  e = 6.9
e 8.91 d 4 5/ed = 6.9
f 5.73 s 4 —
a& 6.74 d 4 4Jgh = 2.2
h 6.77 t 2 Vhs = 2.2
i 5.13 s 8 —
j-1 7.35-7.46 m 20 —
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4.4.9 Synthesis of compound 4-21 [PF6]4
2-32[PF6]4 (0.047 g, 0.0738 mmol), 4-15 (0.258 g, 0.319 mmol), DB24C8 (0.076 
g, 0.168 mmol) and a catalytic amount of TBAI (15 mg) were dissolved in MeNCL 
(lOmL) and CHCI3 (lOmL). Water (lOmL) and 2mL of saturated NH4PF6(aq) were added 
and the two layer reaction stirred at room temperature for 21 days (at 7 and 14 days the 
aqueous layer was replaced with fresh distilled water). The organic layer was separated, 
dried (MgS04), concentrated (2mL) and precipitated with diethyl ether. The precipitate 
was filtered through Celite and washed into a clean flask with MeCN. The solvent was 
evaporated and the red/orange residue was subjected to column chromatography (SiC>2, 
methanol:MeN0 2 :2 M NKUCl^q), 6:2:2). Like fractions were combined, anion exchanged 
(NHLPFs) and evaporated to yield 4-21 [PFeL as a red/orange glassy solid (0.081 g, 39%, 
Rf = 0.43). ESI-MS: m/z [4-21 -  2PF6]2t calc. 1266.4594, found 1266.4589.
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Table 4-11 'H  NMR spectroscopic data for 4-21 [PF6U in CD3CN.
Proton 8  (ppm) Multiplicity # Protons /(H z )
a 6.45-6.47 m 4 —
b 6.61-6.63 m 4 —
c-e 3.99-4.05 m 24 —
a 5.60 s 4 —
b 9.31 d 4 Vbc = 6.9
c 8.13 d 4 Vcb = 6.9
d 8.08 d 4 V de = 6-9
e 8.92 d 4 5Jed  = 6.9
f 5.73 s 4 —
6.72-6.73 m 6 —
i 5.06 s 8 —
j 6.69 d 8 %  = 22
k 6.58 t 4 %  = 2.2
1 5.05 s 16 —
m-o 7.33-7.42 m 40 —
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4.4.10 Synthesis of compound 4-22[PF6]4
2-32[PF6]4 (0.053 g, 0.0841 mmol), 4-16 (0.599 g, 0.362 mmol), DB24C8 (0.076 
g, 0.168 mmol) and a catalytic amount of TBAI (15 mg) were dissolved in MeNOi 
(lOmL) and CHCI3 (lOmL). Water (lOmL) and 2mL of saturated NH4PF6(aq) were added 
and the two layer reaction stirred at room temperature for 21 days (at 3 days the aqueous 
layer was replaced with fresh distilled water). The organic layer was separated, dried 
(MgS04), and concentrated. The red/orange residue was subjected to column 
chromatography [SiCb, CH2CI2 to EtOH in CH2CI2 (5%)]. Like fractions were combined, 
anion exchanged (NH4PF6) and evaporated to yield 4-22 [PF6 ]4 as a red/orange glassy 
solid (0.085 g, 22%, Rf = 0.41). ESI-MS: m/z [4-22 -  2PF6]2'  calc. 2114.7943, found 
2114.7844.
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Table 4-12 ’H NMR spectroscopic data for 4-22 [PFg] 4 in CD 3 CN.
Proton 8 (ppm) Multiplicity #  Protons /(H z)
a 6.40-6.42 m 4 —
b, j, k, m, n 6.51-6.62 m 40 —
c-e 3.90-3.96 m 24 —
a 5.52 s 4 —
b 9.22 d 4 5Jbc = 6.4
c 8.07 d 4 U b  = 6.4
d 8.01 d 4 J/ de = 6.4
e 8.86 d 4 Ved =  6.4
f 5.67 s 4 —
or& 6.68 b 4 —
h 6.71 b 2 —
i 5.03 s 8 —
1 4.94 s 16 —
0 5.00 s 32 —
p-r 7.27-7.38 m 80 —
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4.4.11 Synthesis of compound 4-23[PF6]4
2-32[PF6]4 (0.043 g, 0.0682 mmol) and 4-18 (0.106 g, 0.136 mmol) were 
dissolved in MeNC>2 (25mL) and stirred for 10 minutes. At this point, TBAI (10 mg) and
4-14 (0.115 g, 0.300 mmol) were added along with water (lOmL) and saturated 
NH4PF6(3q) (lmL) and the two layer reaction was stirred at room temperature for 12 days 
(at 7 days the aqueous layer was replaced with fresh distilled water). The organic layer 
was separated, dried (MgSC>4), concentrated (5mL) and precipitated with diethyl ether. 
The red/orange precipitate was filtered through Celite and washed into a clean flask with 
MeCN. The solvent was evaporated and the red/orange residue was subjected to column 
chromatography (SiC>2, methanol:MeN02:2M NELCl^q), 7:1:2). Like fractions were 
combined, anion exchanged (NH4PF6), concentrated (2mL) and precipitated from the 
concentrated MeNCL solution by slow diffusion of isopropyl ether to yield 4-23[PF6]4 as 
a red/orange oil (0.090 g, 57%, Rf = 0.42). ESI-MS: m/z [4-23 -  PF6f  calc. 2162.6893, 
found 2162.6340, [4-23 -  2PF6]2+ calc. 1008.3626, found 1008.3625, [4-23 -  3PF6]3+ 
calc. 623.9203, found 623.9235, [4-23 -  4PF6]4+ calc. 431.6992, found 431.7012.
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Table 4-13 ’H NMR spectroscopic data for 4-23 [PFgk in CD3CN.
Proton 5 (ppm) Multiplicity # Protons J(Hz)
b, i, j, k, n, 
0, g,h
6.45-6.74 m 16 —
c-h, 1 3.99-4.05 m 26 —
m 4.28 s 2 —
P 5.03 s 4 —
q-s,j-i 7.31-7.44 m 30 —
a 5.60 s 4 —
b 9.32 d 4 0 11 On 00
c 8.14 d 4 5Jcb = 6.8
d 8.03 d 4 Vde = 6.8
e 8.82 d 4 d =  6.8
f 5.62 s 4 —
i 5.10 s 8 —
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4.4.12 Synthesis of compound 4-24[PF6]4
2-32[PF6]4 (0.044 g, 0.0698 mmol) and 4-18 (0.107 g, 0.137 mmol) were 
dissolved in MeNC>2 (20 mL) and CHCI3 (5mL) and stirred for 10 minutes. At this point, 
TBAI (10 mg) and 4-15 (0.230 g, 0.285 mmol) were added along with water (lOmL) and 
saturated NHJPF^aq) (lmL) and the two layer reaction was stirred at room temperature for 
14 days (at 7 days the aqueous layer was replaced with fresh distilled water). The organic 
layer was separated, dried (MgS04), concentrated (5mL) and precipitated with diethyl 
ether. The red/orange precipitate was filtered through Celite and washed into a clean flask 
with MeCN. The solvent was evaporated and the red/orange residue was heated in 
toluene three times, the toluene was decanted and the solid was allowed to dry. The 
red/orange solid was subjected to column chromatography (SiCb, CPTChiEtOH, 95:5). 
Like fractions were combined, anion exchanged (NFLPFs), concentrated (2mL) and 
precipitated from the concentrated MeNCb solution by slow diffusion of isopropyl ether 
to yield 4-24[PF$]4 as a red/orange solid (0.049 g, 22%, Rf = 0.49). ESI-MS: m/z [4-24 -  
2PF6]2* calc. 1432.5300, found 1432.5309, [4-24 -  3PF6]3+ calc. 906.6986, found 
906.6961, [4-24 -  4PF6]4_ calc. 643.7829, found 643.7830.
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cO,
Table 4-14 !H NMR spectroscopic data for 4-24[PF6]4 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J(Hz)
2? b, i, ,j, k, n, 0 , 
g, h, j ,k
6.53-6.71 m 28 —
c-h, 1 3.95-4.04 m 26 —
m 4.22 s 2 —
P 4.96 s 4 —
q-s, m-o 7.31-7.40 m 50 —
a 5.58 s 4 —
b 9.29 d 4 Vbc = 6.7
c 8.12 d 4 Vcb = 6.7
d 8.03 d 4 Vde = 6.7
e 8.83 d 4 3Jed = 6 .7
f 5.63 s 4 —
i 5.03 s 8 —
1 5.02 s 16 —
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4.4.13 Synthesis of compound 4-25[PF6]4
2-32[PF6]4 (0.054 g, 0.0857 mmol) and 4-18 (0.136 g, 0.174 mmol) were 
dissolved in MeNO: (20mL) and stirred for 10 minutes. TBAI (10 mg) and 4-16 (0.592 g, 
0.357 mmol), dissolved in CH2CI2 (lOmL), were added along with water (lOmL) and 
saturated NfLPFe^q) (lmL) and the two layer reaction was stirred at room temperature for 
21 days (at 3 days the aqueous layer was replaced with fresh distilled water). The organic 
layer was separated, dried (MgS04), concentrated (2mL) and precipitated with diethyl 
ether. The red/orange precipitate was filtered through Celite and washed into a clean flask 
with MeCN. The solvent was evaporated and the residue was subjected to column 
chromatography (SiC>2, CKLC^EtOH, 95:5). Like fractions were combined, anion 
exchanged (NH4PF6), concentrated (2 mL) and precipitated from the concentrated MeNCL 
solution by slow diffusion of isopropyl ether to yield 4-25[PF6]4 as a red/orange oil 
(0.103 g, 25%, Rf = 0.51). ESI-MS: m/z [4-25 -  2PF6]2'  calc. 2280.8649, found 
2280.8748.
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Table 4-15 ]H NMR spectroscopic data for 4-25[PF6]4 in CD3CN.
Proton 8  (ppm) Multiplicity # Protons J(H z)
3? b, i, j, k, n, 0 , 
g, h, j, k, m, n
6.48-6.70 m 52 —
c-h, 1 3.85-3.98 m 26 —
m 4.17 s 2 —
p, i, 1, 0 4.88-4.99 m 60 —
q-s, p-r 7.25-7.37 m 90 —
a 5.51 s 4 —
b 9.23 d 4 3Jhc = 6.6
c 8.07 d 4 3Jch = 6 .6
d 7.98 d 4 5Jde = 6.6
e 8.78 d 4 3Je d = 6.6
f 5.55-5.62 m 4
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4.4.14 Synthesis of compound 4-26[PF6]4
2-32[OTf]2 (0.086 g, 0.135 mmol) and 4-14 (0.212 g, 0.553 mmol) were 
dissolved in MeCN (20mL) and refluxed for 48 hours. The solvent was evaporated and 
the remaining yellow solid was washed with CH2CI2 (3 x lOmL) and filtered. The yellow 
solid was dissolved in a small amount of boiling water (5mL) and NH4PF6 (50 mg) was 
added to precipitate 4-26[PF6]4 as a yellow solid which was collected and dried by 
filtration (0.075 g, 36%). X-ray quality crystals of 4-26[OTf]4 (which remained as an 
impurity) were grown by slow diffusion of diethyl ether into a concentrated MeCN 
solution of 4-26[PF6]4. ESI-MS: m/z [4-26 -  PF6f  calc. 1381.3362, found 1381.3321.
Table 4-16 !H NMR spectroscopic data for 4-26[PF6]4 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 5.32 s 4 —
b 9.07 d 4 3Jbc = 6.8
c 8.50 d 4
00VOII
d 8.44 d 4 3/ de = 6.8
e 8.99 d 4 Ve d = 6.8
f 5.72 s 4 —
o 6.73 s 4 —
h 6.69 s 2 —
i 5.08 s 8 —
j-1 7.35 m 20 —
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4.4.15 Synthesis of compound 4-27[PF6]4
2-32[OTfh (0.097 g, 0.152 mmol), 4-25 (0.493 g, 0.611 mmol) and TBAI (25 
mg) were dissolved in MeCN (20mL) and refluxed for 48 hours. The solvent was 
evaporated and the remaining yellow solid was quickly rinsed with lOmL of CH2CI2 and 
filtered immediately. The remaining yellow solid was subjected to column 
chromatography (SiC>2, MeCN:EtOH, 98:2). Like fractions were combined, anion 
exchanged (NH4PF6), concentrated (2mL) and precipitated from the concentrated MeCN 
solution by slow diffusion o f isopropyl ether to yield 4-27[PF$]4 as a yellow oil (0.084 g, 
23%, Rf = 0.31). ESI-MS: m/z [4-27 -  2PF6]2- calc. 1042.3535, found 1042.3495.
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Table 4-17 ’H NMR spectroscopic data for 4-27[PF6]4 in CD3CN.
Proton d(ppm) Multiplicity # Protons /(H z)
a 5.31 s 4 —
b 9.15 d 4 Vbc = 6.6
c 8.41 d 4 5/ cb = 6.6
d 8.35 d 4 Vde = 6.7
e 8.92 d 4 3/ed = 6.7
f 5.69 s 4 —
O& 6.65 s 4 —
h 6.50 s 2 —
i 5.01 s 8 —
j 6.67 s 8 —
k 6.56 s 4 —
1 5.03 s 16 —
m-o 7.35 m 40 —
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CHAPTER 5
The Effect o f  Frechet Dendrons on Translational Isomerism
5.1 INTRODUCTION
The focus of this chapter is to extend the work of Chapter 4 (incorporating 
Frechet dendrons into [2]rotaxane systems) into the realm of molecular shuttling systems. 
In Section 1.3, the concept of molecular shuttling systems was introduced and the 




(a) ----- recognition site 1 (b)
 recognition site 2
 non-covalent interactions
Figure 5-1 Cartoon representation of an unsymmetrical shuttling system introduced in
Chapter 1. Shuttling between sites can be induced by chemical, 
electrochemical or photochemical stimuli.
Of more interest to the work in this chapter is not the ability to induce shuttling 
between sites but rather understanding the influence that the sizes of the incorporated 
dendritic components have on the rate of the shuttling process and the occupation of the 
individual recognition sites. If it is possible to alter site occupation and the shuttling rate
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simply by varying the size of the stoppers it may seem reasonable that one could tailor 
the dynamics of the desired system merely by controlling the size o f the stopper or crown 
appendage.
5.2 LITERATURE EXAMPLES
The groups of Kim65 and Stoddart29c have studied the effect of incorporating 
Frechet-type dendrons as stoppers on the shuttling process in [2]rotaxane shuttling 
systems. Kim has incorporated Frechet dendrons into a system with cucurbituril (CB[/z]) 
threaded onto an axle containing both 4,4'-bipyridinium and hexamethylene recognition 
sites (Figure 5-2).
CB[6] or CB[7] l,6-di(pyridinium)ethane G l-G l Frechet dendrons
Figure 5-2 Kim’s [2]rotaxane molecular shuttle incorporating cucurbit[«]uril, a 1,6- 
di(pyridinium)hexane thread and Frechet dendrons as stoppers.
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It was found that upon increasing the size of the stopper generation from 1 to 3, 
the cucurbituril bead occupied the bipyridinium site over the hexamethylene site. As the 
size o f the dendrons increases, the polarity of the interior environment of the rotaxane 
decreases and the hexamethylene site is exposed in preference to the more polar 
bipyridinium sites. This is reflected in a decrease in the occupation of the hexamethylene 
site from 94% to 33% based on ’H NMR spectroscopic measurements.
In addition to their studies on [2]rotaxanes bearing dendritic stoppers (discussed 
in Chapter 4), Stoddart and co-workers29c have synthesized a degenerate shuttling 
system where BPP34C10 is able to shuttle between two bipyridinium sites separated by a 
p-xylyl spacer (BPYPYXY84) and capped with third generation Frechet dendrons (Figure
Figure 5-3 Degenerate [2]rotaxane molecular shuttle based on the recognition between
Reaction of bis(bipyridinium)-/?-xylene (BPYPYXY) with third generation 
stoppers in the presence of 8 equivalents of BPP34C10 under ultra-high pressure reaction 




BPP34C10 and BPYPYXY using G3 Frechet dendrons as stoppers.
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5% yield, respectively. The large non-polar dendrons enhanced the tetracationic 
compounds separation by column chromatography as relatively low polarity solvent 
systems were employed (CE^C^EtOH, 95:5). In addition, these compounds were freely 
soluble in a wide range of organic solvents. Using VT-NMR spectroscopy experiments in 
a variety of solvents, the rate of exchange between the two degenerate bipyridinium sites 
was calculated. It was found that the rate of shuttling decreased from 33000 to 200 times 
per second upon changing the solvent from acetone to CHCI3.
Using molecular modeling simulations, it was determined that dramatic 
conformational changes occur when the compound is dissolved in CHCI3 . These changes 
minimize the exposure of the dicationic bipyridinium units to the low polarity 
environment. Consequently, the folded structure increases steric and electronic hindrance 
to the shuttling process. As such, it is more difficult for BPP34C10 to shuttle from site to 
site in CHCI3 relative to acetone. In addition, the activation energy associated with the 
shuttling process is increased due to the need to overcome additional interactions in order 




Figure 5-4 Proposed shuttle thread incorporating two different l,2-bis(pyridinium) 
ethane recognition sites (DEDET) for DB24C8 containing macrocycles.
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With these previous results in mind, we set out to incorporate Frechet-type 
dendrons into an unsymmetrical shuttling system containing two different 1 ,2 - 
bis(pyridinium) ethane recognition sites for DB24C8 containing macrocycles 
(DEDET)27a (Figure 5-4). It was hypothesized that incorporating dendrons into the thread 
stoppers as well as the crown ether of an unsymmetrical shuttling system might not only 
affect the shuttling rate but also the site occupancy in a generation dependent manner.
The original work done with the Loeb unsymmetrical two station thread (Figure
5-4) involved capping of the terminal nitrogen with a 4-r-butylbenzyl group after 
threading with DB24C8.273 Through VT-NMR and X-ray diffraction studies it was found 
that the crown ether preferred to occupy the l,2-bis(4,4'-dipyridinium)ethane (DED) site 
(furthest from the f-butyl stopper) rather than the l-(4,4'-bipyridinium)-2-(4-r- 
butylpyridine)ethane (DET) site. The ratio was 2:1 at 243K. This preference was 
attributed to the 4-r-butylpyridine methyl group preventing the crown ether catechol unit 
from stacking efficiently over the pyridinium ring.
5.4 RESULTS AND DISCUSSION
5.4.1 Synthesis and Characterization of [3]Rotaxanes and Shuttling [2]Rotaxanes
To study the effect that different generations of Frechet dendrons have on the 
shuttling process of DB24C8 between the two recognition sites of DEDET, we set out to 
synthesize a series of shuttles. These shuttles contained dendrons of generations one and 
two at one end of the thread and of generations zero, one and two as crown ether 
appendages (Figure 5-5).
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MeNO-> / sat'd aq. NH4PF6 
TBAI, RT, 14-21 days.
[2 ]ro ta x a n e  m o lec u la r  
sh u ttle
[3 ]ro taxan e
Figure 5-5 Synthetic protocol for [3]rotaxanes 5-2[PF6]s, 5-4[PF6]s, 5-6[PF6]s, 5- 
8 [PF6]5, 5-10[PF6]5, 5-12[PF6]5, 5-14[PF6]s, 5-16[PF6]s and 5-18[PF6]s 
and their corresponding [2]rotaxane molecular shuttles 5-l[PF6]s, 5- 
3[PF6]5, 5-5[PF6]s, 5-7[PF6]s, 5-9[PF6]s, 5 -ll[P F 6]5, 5-13[PF6]s, 5- 
15[PF6]5 and 5-17[PF6]s used in this study.
Although it has been shown that a [2]rotaxane molecular shuttle could be formed 
at the exclusion of the corresponding [3]rotaxane,85 this was not possible in this study. As 
such, pairs of rotaxanes, one fully threaded [3]rotaxane and one partially threaded 
[2 ]rotaxane, were synthesized employing reaction conditions similar to analogous 
systems (Figure 5-5).27a
To ensure that both products would be obtained in detectable yields, 2 equivalents 
of the desired crown ether were dissolved in MeNCb along with D ED ETfBF^. Two
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equivalents of dendron (G1 or G2) were then added along with a layer (10 mL) of 
saturated NH4PF6(aq) and a catalytic amount (10 mg) of TBAI. For the larger dendron 
combinations a small amount of CHCI3 or CfLCL was needed as the components became 
increasingly insoluble in pure MeCN. When the reaction was completed, the organic 
layer was separated, dried and the various products were precipitated from the reaction 
mixture by the addition of diethyl ether. The red/orange solid was subjected to silica gel 
column chromatography (the eluent chosen was dependent on the generation size of the 
dendrons, see Experimental Section), and the individual products were collected, anion 
exchanged (NH4PF6) and isolated as red/orange glassy solids in moderate yields (Table 5- 
1). It is interesting to note the order in which the compounds elute from the column. One 
would expect the larger [3]rotaxane to elute second while the smaller [2]rotaxane is 
isolated first. This was not the case as the [3]rotaxane was obtained before the 
[2]rotaxane. This might be a result of the polycationic thread of the [3]rotaxane being 
shielded more effectively from the polar silica gel than in the [2 ]rotaxane and as such, the 
[2]rotaxane ‘sticks’ to the silica gel longer than does the [3]rotaxane and hence, elutes 
second.
Although the yields were quite modest for the synthesis of these complex 
molecules, except in the case of 5 -l[PF<;]5 and 5-2[PF6]s, enough material was obtained 
to fully characterize each new compound. Low reaction yields can be attributed to 
experimental workup, to difficult separations encountered during column 
chromatography runs, and to the steric problems involved in placing large entities 
extremely close to one another on the same molecule.
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Table 5-1 Yields and generation sizes used for the [2]- and [3]rotaxanes studied.
Compound X Y Z Yield (%)
5-l[PF6]5 G-l H (DB24C8) N/A 26
5-2[PF6]s G-l H (DB24C8) H (DB24C8) 49
5-3[PF6]5 G-2 H (DB24C8) N/A 10
5-4[PF6]s G-2 H (DB24C8) H (DB24C8) 8
5-5[PF6]s G-3 H (DB24C8) N/A 15
5-6[PF6]5 G-3 H (DB24C8) H (DB24C8) 9
5-7[PF6]s G-l G-0' (3-16) N/A 10
5-8[PF6]5 G-l G-0' (3-16) G-0' (3-16) 12
5-9[PF6]s G-l G-0 (4-17) N/A 5
5-10[PF6]5 G-l G-0 (4-17) G-0 (4-17) 4
5-ll[P F 6]5 G-l G-l (4-18) N/A 10
5-12[PF6]s G-l G-l (4-18) G-l (4-18) 8
5-13[PF6]5 G-2 G-l (4-18) N/A 4
5-14[PF6]s G-2 G-l (4-18) G-l (4-18) 6
5-15[PF6]s G-l G-2 (4-19) N/A 10
5-16[PF6]s G-l G-2 (4-19) G-2 (4-19) 5
5-17[PF6]s G-2 G-2 (4-19) N/A 11
5-18[PF6]5 G-2 G-2 (4-19) G-2 (4-19) 6
The eluents used during workup ranged from a typical polar mixture of methanol, 
MeNC>2 and NILtCl^q) to a relatively non-polar mixture of CH2CI2 and NH4PF6 in MeCN, 
depending on the generation of dendron employed as stopper and as crown appendage. 
As seen in Chapter 4 (Section 4.2.5), an increase in generation size enhances a
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compound’s solubility and mobility in non-polar solvent systems whereas smaller 
generation sizes are unable to effectively shield the cationic backbone of the thread and 
thus, more polar solvent systems are required. As previously encountered, dendrons have 
a profound effect on the properties of the compounds to which they are attached.
5.4.2 ESI-MS Results
Just as was seen for the multiply charged macromolecules of Chapters 2 ,3  and 4, 
cationic species bearing charges due to the loss of one or more PF6 counteranions were 
observed in the ESI-MS experiments (Table 5-2).




5-1 [5-l-2PF6]2+ 844.7728 844.7759
[5-2-PF6f 2282.7169 2282.7285
[5-2-2PF6]2* 1068.8777 1068.8715













5-5 [5-5-2PF6]2+ 1481.0240 1481.0218
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5.4.3 [3]Rotaxane Characterization by JH NMR Spectroscopy
The major characterization technique utilized with these systems was ]H NMR 
spectroscopy. The simplest of the fully occupied [3]rotaxane systems was the triad of 5- 
2[PFg]5, 5-4[PF6]5 and 5-6[PF6]5 whose 'H NMR spectra are shown in Figure 5-5. When 
comparing the spectra to those of previously reported systems,272 we see many signal 
similarities arising from the common thread and macrocycle used. A myriad of signals 
due to thread protons b, c, f-i and l-o are indicative o f supramolecular interactions 
occurring between these protons and the threaded macrocycles. Four of the five sets of a-
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pyridinium protons (c, f, i, 1) participate in hydrogen bonding with the polyether oxygen 
atoms of the macrocycle. Consequently, they are deshielded (8.8  -  9.4 ppm, Figure 5-5 
blue box) and downfield shifted relative to their positions within the uncomplexed thread 
precursor DEDET.
ppm 9.5 9.0 S.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
Figure 5-6 ]H NMR spectra of (a) 5-2[PF6]s (labeled for reference), (b) 5-4[PF6]s and 
(c) 5-6[PF6]s in CD 3 CN. (blue=a-pyridinium, pink=P-pyridinium, 
green=ethylene and methylene and tan=polyether).
In contrast, signals corresponding to protons b, g, h, m and n become 
significantly upheld shifted (7.6 - 8.2 ppm) as the electron rich catechol rings of the 
macrocycle 7t-stack over the electron poor pyridinium rings, thereby shielding these five 
sets of protons (Figure 5-5, pink box). Other similarities occur in the region 5.4 -  5.8 ppm 
where signals resulting from ethylene protons d, e, j and k along with methylene protons 
p occur (Figure 5-5, green box). The ethylene signals are shifted downfield from their
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position in the uncomplexed thread (ca. 5.2 ppm) as they participate in hydrogen bonding 
interactions with the complexed macrocycles. Similarly, the methylene signal also shifts 
downfield (from 4.4 ppm in the dendron bromide), indicative of covalent attachment of 
the dendritic stopper to the functionalized pyridine of the thread. A final similarity is 
illustrated in the tan box of Figure 5-5 representing the complexed polyether ethylene 
protons of the macrocycle.
Major differences are seen in the increased complexity of the aromatic signals 
between 6.5 and 7.5 ppm and between 4.7 and 5.2 ppm. Both increases stem from the 
build up of additional dendron shells upon going from 5-2[PF6]s (Gl) to 5-4[PF6]s (G2) 
to 5-6[PF6]5 (G3), similar to that observed in Chapter 4. In addition, a singlet (not shown 
in Figure 5-6) arising from the thread’s r-butylpyridine methyl groups occurs at ca. 1.25 
ppm in each compound, and is useful in distinguishing between translational isomers of 
the [2 ]rotaxane molecular shuttles (vide infra).
Upon increasing the complexity of the systems by introducing dendron 
appendages to the macrocycles, subtle differences are seen in their spectra (Figure 5-7). 
Just as with increasing the generation size of the stoppers, increasing the size of the 
macrocyclic appendage causes signals arising from the dendrons to become increasingly 
large and complex. Signals between 6.5 and 7.5 ppm (aromatic signals), and 4.7 to 5.2 
ppm (methylene signals), increase in size and complexity relative to the signals arising 
from the pyridinium protons of the thread as new generations of dendrons are added.
New signals appear between 4.2 and 4.5 ppm and can be attributed to the benzyl 
ether protons 1, 1, m and m, on the carbons attaching the dendritic appendages to the 
macrocycles. In addition, a singlet (not shown), corresponding to the r-butyl protons a, is
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observed in each case at ca. 1.19 ppm. Of final note is the shifting pattern observed for 
the pyridyl protons (b, c, f-i, l-o) of the thread (between 7.7 and 9.4 ppm).
i i i i i i i i ; ; i , i ;
PPm 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
Figure 5-7 *H NMR spectra for compounds (a) 5-2[PF6]s, (b) 5-12[PF6]s and (c) 5- 
16[PF6]5 (labeled for reference) in CD3CN (green = hydrogen bonded 
signals and purple = 7t-stacking signals).
When DB24C8 is threaded, hydrogen bonding and 7E-stacking interactions are 
more effective as the crown ether is able to adopt its preferred S-conformation and stack 
its catechol rings over the pyridinium rings of the thread. Introducing a bulky dendron on 
one of the catechol rings of DB24C8 effectively reducing the degree of interaction seen 
in the case of DB24C8. This decreased interaction ability causes the hydrogen bonding 
(Figure 5-7, green boxes), and rc-stacking (Figure 5-7, purple boxes) interactions to occur 
less effectively. As such, signals corresponding to protons being shielded (rc-stacking) are
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not moved as upfield and the hydrogen bonded protons are not moved as downfield, 
compared to the DB24C8 case. This results from the steric bulk of the dendritic 
appendages inhibiting a perfect orientation for these interactions to occur.
5.4.4 [2]Rotaxane Characterization by ’H  N M R  Spectroscopy
Although the [3]rotaxane systems obtained were large and aesthetically pleasing, 
the target compounds were the partially occupied [2 ]rotaxane molecular shuttles.
/  N*  ■• / = w
9.0 8.0 7.0 6.0 5.0 4.0ppm
Figure 5-8 'H  NM R spectrum of [2]rotaxane 5-1 [PFgjs at 303 K  in CD3CN.
Figure 5-8 shows the ]H NM R spectrum of the [2]rotaxane 5-l[PF6 ] 5  at 303 K in 
C D 3 CN. In comparing this spectrum to Figure 5-6a, the [3]rotaxane 5-2[PF6]s, we can 
see that the signals arising from 5-l[PF6 ] 5 are extremely broad. In order to gain further 
insight into this observation, an understanding of the shuttling process is needed. When 
looking at the signals arising from 5 -2 [PF<5]5, it can be seen that every signal is sharp and 
well resolved due to the lack of translational motion of the crown ethers. The 
macrocycles are not exchanging between recognition sites and thus each signal represents
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a single set of complexed protons lacking any exchange. Signals arising from the pyridyl 
(b, c, f-i, l-o), ethyl (d, e, j, k) and t-butyl protons (a, not shown in Figure 5-8) of the 
thread for a [2 ]rotaxane molecular shuttle are dependent on whether the protons have a 
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ppm 9.0 8.0 7.0 6.0 5.0 4.0 1.3 1.1
Figure 5-9 :H VT-NMR signals for [2]rotaxane 5-l[PF6]5 in MeCN from 233 K  to 
348 K. Major isomer peaks and minor isomer peaks are shown for 
comparison.
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When the shuttling rate approaches that of the NMR timescale, sharp signals are 
not observed and a broadening of the signals is seen. I f  the shuttling rate is slower than 
that of the NMR timescale, the individual translational isomers would be distinguishable 
as two sets of signals for every proton (complexed and uncomplexed). The ratio of the 
peaks corresponding to the same proton of each isomer could then be integrated to 
determine the occupancy of the individual recognition sites. Having a rate faster than the 
NMR timescale would produce sharp signals for each proton as an average of the two 
isomer signals.272'85
Figure 5-9 above shows a VT-NM R spectroscopic study done on the [2]rotaxane 
5-1 [PF6]5 in CD3CN. It is evident at lower temperatures that the translational motion of 
the macrocycle relative to the thread is slow on the NMR timescale. Peaks arising for 
both major and minor translational isomers (Figure 5-10) can be deciphered.
MINOR ISOMERMAJOR ISOMER
uncomplexed complexed
complexed uncomplexed unshifted shifted
shifted unshifted
Figure 5-10 Schematic showing the major and minor isomers of [2]rotaxane 5-1 [PFgJs 
as seen in the VT-NM R spectra as well as their various shifts.
These isomeric signals are in the positions they are because in one isomer the 
protons are engaged in hydrogen bonding and 71-stacking interactions with the
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macrocycle, but these interactions are absent when the macrocycle occupies the other 
recognition site. This can be most clearly seen in the pyridyl (7.7 -  9.4 ppm), ethylene 
(5.1 -  5.6 ppm) and r-butyl (1.1 -  1.4 ppm) regions as the temperature is increased. The 
individual isomer signals broaden, merge and become indistinguishable around 273 K. 
This is due to the shuttling process approaching the NMR timescale. Increasing the 
temperature induces these broad peaks to sharpen and become well resolved as now an 
average signal arising from fast exchange is all that is observed. This behavior is 
comparable to similar systems. 272,85
J jL A
9.0 S.O 7.0 5.06.0 4.0 3.0 2.0 1.0ppm
Figure 5-11 Comparison of the 'H  NMR spectra of (a) the partially occupied 
[2]rotaxane molecular shuttle 5-l[PF6]s at 238 K and (b) the fully 
occupied [3]rotaxane 5-2[PF6]s at 303 K  in CD3CN.
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When assigning the major and minor isomers and their corresponding peaks it 
may seem logical that as the dendrons become larger there w ill be increased steric 
interaction between the dendrons and the macrocycle, particularly when the macrocycle 
carries a dendritic appendage. I f  this were the case, the major isomer would be 
determined to arise from the site most remote from these negative dendritic interactions 
and occupy a traditionally less favored site.27a When the spectra o f the [2]- and 
corresponding [3]rotaxane are compared (Figure 5-11), it can be seen that the situation is 
actually the complete reverse of this.
Examining the fully occupied [3]rotaxane 5-2[PF6]s we see a singlet at 1.19 ppm 
which is attributed to the r-butyl protons, a, of the thread. When this is compared to the 
spectrum at 233 K representing the slow exchange situation, we see that this signal is in 
the same position as that of the minor isomer of [2]rotaxane S-lfPFgjs, 1.17 ppm. This 
implies that the minor isomer is the site remote from the stoppered end o f the shuttle. 
Thus, it suggests that the non-polar dendrons are in fact able to increase the attraction of 
the macrocycle. This might be due to the local non-polar environment’s ability to 
enhance non-covalent interactions between the macrocycle and the thread. In addition, 
extra interactions (interdigitation) between the dendron arms and the aromatic groups 
(especially as larger dendrons are appended) on the macrocycle might favor these 
occupancies as seen in Figure 5-12 below.
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Figure 5-12 Molecular mechanics (M M 2) simulations of 5-17[PF6]s in the extended 
form (top), the contracted form (middle) and the congested form having 
both dendrons interacting (bottom) . 87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Effect o f  Frechet Dendrons on Translational Isomerism 201
5.4.5 Activation Energies to the Shuttling Process and Recognition Site Occupancy
The main focus of this study was to gain an understanding into how dendron 
generation size affects the barriers of the shuttling process and how they might also affect 
the preference of one recognition site over another. To obtain these answers, VT-NMR  
experiments were performed on compounds 5-l[PF6]s, 5-3[PF6]s, 5-5[PF6]s, 5-7[PF6]s, 
5-9[PF6]s, 5-11[PF6]s, 5-13[PF6]s, 5-15[PF6]5, 5-17[PF6]s in CD3CN. The /-butyl signal 
was monitored at each temperature and fitted using an NMR 75 simulation program 
(Figure 5-13).
Experimental Simulated






k = l10 s 1
T=24SK. 
k=2S.l s'
Figure 5-13 NMR simulation75 o f the experimental r-butyl region of [2]rotaxane 5- 
9[PF6]5 in CD3CN showing experimental temperatures and calculated rate 
constants. The minor isomer is depicted in gold and the major isomer is 
represented in red.
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The choice of using the r-butyl signal was easily made as (z) it is a large signal 
representing 9 protons, (z'z) it is represented by an easily distinguishable singlet and (Hi) it 
resonates in a portion of the spectra remote from all other signals, hence, saving it from 
signal overlap.
Fitting the simulated spectra allowed the determination of the rate of shuttling at 
various temperatures. An Arrhenius plot (In k vs. 1/T, see Appendix A) was performed 
for each data set in order to allow for the calculation o f the activation energy required for 
the macrocycle to shuttle between recognition sites. Furthermore, assuming that the 
shuttling rate approaches 0 when the system is cooled to 238 K allows the recognition 
site occupancy to be determined from integration of the major and minor peaks observed. 
These results are tabulated in Table 5-3 below.






5-1[PF6]s G1 -capped DB24C8 78:22 58
5-3[PF6]s G2-capped DB24C8 79:21 6 8
5-5[PF6]s G3-capped DB24C8 82:18 72
5-7[PF6 ] 5 Gl-capped 3-16 (Phenol) 81:19 64
5-9[PF6]s G1 -capped 4-24 (G-0) 83:17 64
5-11[PF6]s Gl-capped 4-25 (G -l) 85:15 69
5-13[PF6]s G2-capped 4-25 (G -l) 8 8 : 1 2 71
5-15[PF6]s Gl-capped 4-26 (G-2) 87:13 72
5-17[PF6]s G2-capped 4-26 (G-2) 8 8 : 1 2 84
a determined by the integration o f  the r-butyl signals o f  each isomer 
b obtained from NMR simulations7̂  o f  the r-butyl peaks (estimated error o f  = 1 U m ol'1)
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Observations can be made when comparing similar shuttling systems and 
information can be obtained concerning the activation energy of the shuttling process. 
When evaluating results obtained for 5-1[PF6]s (58 kJmol'1), 5-3[PF6 ] 5 ( 6 8  kJmor1) and 
5-5[PF6]s (72 kJmol"1), we see an activation energy increase dependent on the size of the 
stopper. This supports the notion that increasing the size of the dendron increases the 
steric congestion at the DED recognition site thereby requiring more energy for the 
macrocycle to successfully shuttle. Further support is seen when comparing 5-l[PF6]s (58 
kJmol'1), 5-7[PF6]s (64 kJmol'1), 5-9[PF6]s (64 kJmol'1) and 5-15[PF6]s (72 Mmol’1). 
These shuttles show that increasing the size of the macrocyclic appendage, while keeping 
the stopper generation constant, has the same congestive effect as increasing the stopper’s 
generation size. This is further supported upon comparing second generation stoppered 
rotaxanes 5-3[PF6]s ( 6 8  Mmol'1), 5-13[PF6]5 (72 U m of1) and 5-17[PF6]5 (84 Mmol’1). It 
is also of note that there is a slight enhancement in preference for the DED recognition 
site by the macrocycle when the crown appendage and the stopper are increased. This 
might be explained by an increased hydrophobic environment introduced when the 
dendrons are added to the system, thus increasing non-covalent interactions between the 
macrocycle and the recognition site. Such increased interactions have been seen in 
similar systems studied in CHbCb. 85
5.5 CONCLUSIONS
A series of fully occupied [3]rotaxanes as well as their analogous, partially 
occupied [2 ]rotaxane molecular shuttles, 5-l[PF6]s - 5-18[PF6]s have been synthesized 
and successfully characterized by ]H NMR spectroscopy and ESI-MS. The solvent
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system chosen to induce separation o f the [2]- and [3]rotaxanes in each reaction ranged 
from a mixture of methanol, MeNCb and NHUCl̂ q) to CH2CI2 containing NH4PF6 
dissolved in MeCN depending on the generation size of the dendrons employed. The 
[3]rotaxanes all produced highly symmetric and sharp *H NM R spectra. The 
corresponding [2]rotaxane molecular shuttles had translational motion and recognition 
site occupation which varied with the size of the dendrons employed. By increasing the 
generation size of the stopper or the macrocyclic appendage it was found that the 
activation energy for the molecular shuttling process increases along with a preference to 
occupy the more sterically congested DED recognition site.
Further studies into the shuttling motion of these systems in non-polar solvent 
systems such as CH2CI2 and CHCI3 w ill follow. Severe conformational changes occur in 
the dendron backbone when non-polar solvents are employed (as discussed in Chapter 4) 
which will impart consequences on the shuttling motion considered. Ideally, a system 
w ill be developed in which the solvent system and dendron size chosen w ill allow the 
tailoring of the occupation of the shuttle’s desired recognition site.
5.6 EXPERIM ENTAL
5.6.1 General Comments
DEDET was synthesized according to a published literature procedure. 273
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5.6.2 Synthesis of Compounds 5-l[PF6]s and 5-2[PF6]s
DEDET[BF4 ] 4 (0.099 g, 0.116 mmol), DB24C8 (0.107 g, 0.239 mmol), 4-14 
(0.108 g, 0.282 mmol) and a catalytic amount of TBAI (10 mg) were dissolved in MeNCL 
(lOmL). Water (lOmL) and saturated, NH4PF6(aq) (lm L), were added and the two layer 
reaction stirred at room temperature for 14 days (at 7 days, the aqueous layer was 
changed with fresh distilled water). The organic layer was separated, dried (MgS04), 
concentrated and precipitated from solution by the addition of diethyl ether (40mL). The 
red/orange precipitate was collected through Celite and subjected to column 
chromatography (SiCb, methanol:MeN0 2 :2 M  NFLCl^q), 7:1:2). Like fractions were 
collected and anion exchanged (NH4PF6) to yield 5-l[PF6 ] 5 and 5-2[PF6] 5 as red/orange 
glassy solids in 75% overall yield [5-1 [PF6 ] 5 (0.049 g, 26%, Rf = 0.48) 5-2[PF6]s (0.075 
g, 49%, Rf = 0.22)]. ESI-MS: m/z [5-1 -  2 PF6]2+ calc. 844.7728, found 844.7759, [5-2 -  
PF6f  calc. 2282.7196, found 2282.7285, [5-2 -  2 PF6]2" calc. 1068.8777, found 
1068.8715, [5-2 -  3 PF6]3_ calc. 664.2637, found 664.2667, [5-2 -  4 PF6]4+ calc. 
461.9568, found 461.9517, [5-2 -  5 PF6]5+ calc. 340.5726, found 340.5720.
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Table 5-4 'H  NMR spectroscopic data for 5-l[PF 6 ] 5 in CD3CN at 298K.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 6.55 b 4 —
b 6.65-6.68 m 4 —
c-e 3.99-4.07 m 24 —
a 1.38 bs 9 —
b 8.03 b 2 —
c 8.71 b 2 —
d 5.19 b 2 —
e 5.28 b 2 —
f 8.99 b 2 —
g, h, m 8.13-8.16 m 6 —
i,l 9.23 b 4 —
j , k 5.52 b 4 —
n 8.22 b 2 —
0 8.92 d 2 Von = 6.6
P 5.73 s 2 —
q 6.72 d 2 4Jnv  = ' ) r >  v'qr
r 6.76 t 1 4J m  = 9 7
s 5.12 s 4 —
t-v 7.33-7.44 m 10 —
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Table 5-5 ]H NMR spectroscopic data for 5-2[PF6] 5  in CD3CN.
Proton 8 (ppm) Multiplicity # Protons J(H z)
a 6.53-6.56 m 4 —
b 6.68-6.70 m 4 —
c-e, c-e 3.98-4.10 m 48 —
a, b, q, r 6.74-6.75 m 11 —
a 1.19 s 9 —
b 7.76 d 2 3J b c  = 6.8
c 8.95 d 2 V cb = 6.8
d 5.44-5.47 m 2 —
e, j ,k 5.61-5.64 m 6 —
f , i , l 9.29-9.33 m 6 —
afis 7.86 d 2 Vgf = 6.7
h 7.83 d 2 Vhi = 6.7
m 8.08 d 2
00vdII*-?
n 8.02 d 2 5Jno = 6.8
0 8.90 d 2 3Jo n  = 6.8
P 5.73 s 2 —
s 5.13 s 4 —
t-v 7.39-7.46 m 10 —
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5.6.3 Synthesis of Compounds 5-3[PF6]s and 5-4[PF6]5
DEDET[BF4]4 (0.0673 g, 0.0792 mmol), DB24C8 (0.107 g, 0.239 mmol), 4-15 
(0.159 g, 0.179 mmol) and a catalytic amount of TBAI (10 mg) were dissolved in MeNC>2 
(20mL) and CHCls (3mL). Water (lOmL) and NHUPFejaq) (2mL) were added and the two 
layer reaction stirred at room temperature for 14 days (at 7 days, the aqueous layer was 
changed with fresh distilled water). The organic layer was separated, dried (MgS04) 
concentrated (3mL) and precipitated from solution with the addition of diethyl ether 
(50mL). The red/orange precipitate was collected through Celite and subjected to column 
chromatography (SiCb, methanol:MeN02:2M NBUC^aq), 7:1:2). Like fractions were 
collected and anion exchanged (NH4 PF6) to yield 5-3[PF6]s and 5-4[PF6]5 as red/orange 
glassy solids in 18% overall yield [5-3[PF6]s (0.0226 g, 10%, Rf = 0.51) 5-4[PF6]s 
(0.0151 g, 8%, Rf = 0.24)]. ESI -MS: m/z [5-3 -  2 PF6]2+ calc. 1056.8566, found 
1056.8572, [5-3 -  3 PF6]3~ calc. 656.2497, found 656.2512, [5-3 -  4 PF6]4" calc. 
455.9462, found 455.9470, [5-3 -  5 PF6]5_ calc. 335.7641, found 335.7646, [5-4 -  2 
PF6]2+ calc. 1280.9614, found 1280.9652, [5-4 -  3 PF6]3+ calc. 805.6529, found 
805.6569, [5-4 -  4 PF6]4+ calc. 567.9986, found 567.9973, [5-4 -  5 PF6]5* calc. 425.4061, 
found 425.4064.
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Table 5-6 !H NMR spectroscopic data for 5-3[PF6]s in CD3 CN at 298 K.
Proton 6  (ppm) Multiplicity # Protons J(H z)
a 6.53 b 4 —
b 6.64-6.66 m 4 —
c-e 3.95-4.06 m 24 —
a 1.37 s 9 —
b, g, h, m, n 8.04-8.18 bm 1 0 —
c 8.70 b 2 —
d, e 5.19 b 4 —
f 8.98 b 2 —
9.22 b 4 —
5.51 b 4 —
0 8.91 d 2 X  = 6.7
P 5.72 s 2 —
q>r 6.70 s -*>J —
s,v 5.04 s 1 2 —
t 6.67 d 4 Vtu = 2 . 2
u 6.57 t 2 V ut = 2 . 2
w-y 7.31-7.41 m 2 0 —
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Table 5-7 !H NMR spectroscopic data for 5-4[PF6]s in CD3CN.
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 6.51-6.54 m 4 —
b 6.65-6.67 m 4 —
c-e, c-e 3.97-4.08 m 48 —
a, b 6.73 s 8 —
a 1.17 s 9 —
b 7.75 d 2 0 11 ON 00
c 8.94 d 2 3Job = 6 . 8
d 5.42-5.46 m 2 —
j? ^ 5.59-5.63 m 6 —
f , i , l 9.27-9.32 m 6 —
a& 7.85 d 2 5Jgf= 6.7
h 7.82 d 2 5/hi = 6.7
m 8.03 d 2 5/mi = 6.7
n 7.99 d 2
r~II0
0 8.89 d 2 J/on = 6.7
P 5.72 s 2 —
q>r 6.71 s <*>J —
s 5.05 s 4 —
t 6 . 6 8 d 4 V tu = 2.3
u 6.57 t 2 V ut = 2.3
V 5.04 s 8 —
w-y 7.32-7.42 m 2 0 —
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5.6.4 Synthesis of Compounds 5-5[PF6] 5 and 5-6[PF6]s
The same procedure as 5-3[PF6]s and 5-4[PF6]s was used with 4-16 instead of 4- 
15 and column chromatography was performed using MeCNrCfLCL, 1:1 and then 
NH4 PF6 dissolved in MeCNrCHiCL, 7:3 as eluent instead of methanol:MeN0 2 :2 M  
NH4 Cl(aq), 7:1:2. Like fractions were collected and anion exchanged (NH 4PF6) to yield 5- 
5[PF6 ] 5 and 5-6[PFe] 5 as red/orange glassy solids in 24% overall yield [5-5[PF6]s 
(0.0488 g, 15%, Rf = 0.23) 5-6[PF6 ] 5 (0.0333 g, 9%, Rf = 0.50)]. ESI-MS: m/z [5-5 -  3 
PF6r  calc. 939.0280, found 939.0295, [5-5 -  4 PF6]4+ calc. 668.0299, found 668.0291, 
[5-5 -  5 PF6]5+ calc. 505.4311, found 505.4322, [5-6 -  3 PF6]3~ calc. 1088.4312, found 
1088.4333, [5-6 -  4 PF6]4t calc. 780.0823, found 780.0831, [5-6 -  5 PF6]5+ calc. 
595.0730, found 595.0719.
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Table 5-8 ’H NMR spectroscopic data for 5-5[PF6]s in CD3CN at 298 K.
Proton 6  (ppm) Multiplicity # Protons /(H z )
a, b, q, r, t, u, w, x 6.47-6.69 m 29 —
c-e 3.94-4.04 m 24 —
a 1.37 b 9 —
b, g, h, m, n 8.02-8.17 bm 1 0 —
c 8.73 b 2 —
d, e 5.19-5.28 bm 4 —
f 9.02 b 2 —
I, I 9.21 b 4 —
5.50 b 4 —
0 8 . 8 6 d 2 V on = 6.4
P 5.66 s 2 —
s ,v ,y 4.93-5.04 m 28 —
z, aa, bb 7.27-7.38 m 40 —
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Table 5-9 'H  NMR spectroscopic data for 5-6[PF6] 5 in CD3CN.
Proton 8  (ppm) Multiplicity # Protons J  (Hz)
a, b, a, b, q, r, t, u, w, x 6.48-6.75 m 37 —
c-e, c-e 3.93-4.08 m 48 —
a 1.16 s 9 —
b 7.74 d 2 5Jbc = 6 . 6
c 8.96 d 2 V cb = 6 . 6
d 5.43-5.46 m 2 —
e, j, k 5.56-5.61 m 6 —
f , i , l 9.26-9.31 m 6 —
a& 7.94 d 2 Vgf=5.8
h 7.92 d 2 %  = 6.2
m 8.04 d 2 F 11
n 8 . 0 0 d 2 5Jno = 5.5
0 8.87 d 2 •Ton = 5.5
P 5.66 s 2 —
s ,v ,y 4.93-5.02 m 28 —
z, aa, bb 7.27-7.38 m 40 —
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5.6.5 Synthesis of Compounds 5-7[PF6]s and 5-8[PF6]s
The same procedure as 5-l[PF6 ] 5 and 5-2[PF6]s was used with 3-16 instead of 
DB24C8. 5-7[PF6] 5 and 5-8[PF6]s were isolated as red/orange glassy products in 22% 
overall yield. [5-7[PF6] 5 (0.0259 g, 10%, R f = 0.46) 5-8[PF6]s (0.0232 g, 1 2 %, Rf = 
0.58)]. ESI-MS: m/z [5-7 -  2 PF6]2'  calc. 897.7938, found 897.7978, [5-7 -  3 PF6]3+ calc. 
550.2078, found 550.2079, [5-7 -  4 PFe]4" calc. 376.4148, found 376.4147, [5-8 -  2 
PF6]2+ calc. 1174.9196, found 1174.9197, [5-8 -  3 PF6]3" calc. 734.9583, found 
734.9592, [5-8 -  4 PF6]4+ calc. 514.9777, found 514.9756, [5-8 -  5 PF6]5+ calc. 382.9893, 
found 382.9905.
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Table 5-10 ]H NMR spectroscopic data for 5-7[PF6]s in CD3CN at 298 K.
Proton 6  (ppm) Multiplicity # Protons /(H z )
a 6.55 b 2 —
b, j, k, q 6.67-6.68 m 6 —
c-h 3.96-4.11 m 24 —
i 6.81 b 1 —
I 4.67 s 2 —
m 6.91 d 2 5/mn = 8 . 2
n, t-v 7.29-7.44 m 1 2 —
0 6.97 t 1 IIc
a 1.37 b 9 —
b 8.04 b 2 —
c 8.67 b 2 —
d, e 5.14-5.24 bm 4 —
f 8.97 b 2 —
8.17-8.20 m 6 —
u 1 9.23 b 4 —
h k 5.51 b 4 —
m 8.13 b 2 —
0 8.87 d 2 3/ on = 6 . 2
P 5.65 s 2 —
r 6.73 d 1 V rq =1.9
s 5.10 s 4 —
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Table 5-11 'H  NM R spectroscopic data for 5-8[PF6] 5  in CD3CN.
Proton 5 (ppm) M ultiplicity # Protons J  (Hz)
a, a, b, b, i-k, i-k. n, n, 
0 , 0 , q, r
6.50-7.02 m 23 —
c-h, c-h 3.95-4.14 m 48 —
I 4.66 s 2 —
1 4.85 s 2 —
m, m, t-v 7.28-7.44 m 14 —
a 1.16 d 9 II u> 0
b 7.73 d 2 5JbC = 6 . 6
c 8.94 d 2 5Jcb = 6 . 6
d 5.43-5.47 m 2 —
e ,j,k , p 5.59-5.61 m 8 —
f , i , I 9.27-9.32 m 6 —
& m, n 7.94-8.06 m 8 —
0 8.83 d 2 Von = 5.2
s 5.10 s 4 —
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5.6.6 Synthesis of Compounds 5-9[PF6]s and 5-10[PF6]5
The same procedure as 5-l[PF6]s and 5-2[PF6]s was used with 4-17 instead of 
DB24C8. 5 -9 [PF6 ]5  and 5-10[PF6]s were isolated as red/orange glassy products in 9% 
overall yield. [5-9[PF6]5 (0.0107 g, 5%, Rf = 0.42) 5-10[PF6]s (0.0071 g, 4%, Rf = 0.53)]. 
ESI-MS: m/z [5-9 -  2 PF6]2t calc. 904.8016, found 904.8058, [5-9 -  3 PF6]3- calc. 
554.8797, found 554.8765, [5-9 -  4 PF6]4+ calc. 379.9187, found 379.9184, [5-9 -  5 
PF6]5+ calc. 274.9421, found 274.9547, [5-10 -  2 PF6]2'  calc. 1188.9352, found 
1188.9347, [5-10 -  3 PF6]3+ calc. 744.3021, found 744.3076, [5-10 -  4 PF6]4+ calc. 
521.9855, found 521.9852, [5-10 -  5 PFe]^ calc. 388.5956, found 388.5957.
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Table 5-12 ]H NMR spectroscopic data for 5-9[PF6]s in CD3CN at 298 K.
Proton 6  (ppm) Multiplicity # Protons
a 6.53 b 2
b, i, j, k, q, r 6.60-6.75 m 8
c-h, m 3.96-4.14 m 26
1 4.40 s 2
n-p, t-v 7.30-7.43 m 15
a 1.37 b 9
b, g, h, m, n 8.04-8.18 bm 1 0
c 8 . 6 6 b 2
d, e 5.11-5.18 bm 4
f 8.93 b 2
U 9.24 b 4
5.51 b 4
0 8.82 b 2
P 5.64 s 2
s 5.10 s 4
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Table 5-13 :H NMR spectroscopic data for 5-10[PF6]s in CD3CN.
Proton 8  (ppm) Multiplicity # Protons /(H z )
a, a, b, b, i-k, i-k. q, r 6.51-6.77 m 17 —
c-h, c-h. m 3.93-4.13 m 50 —
1 4.50 d 2 11 to
1 4.34 s 2 —
m 4.37 dd 2
J=  2.6 
/ =  4.2
n-p, n-p, t-v 7.30-7.44 m 2 0 —
a 1.14 s 9 —
b 7.72 d 2
OOvdII0
c 8.91 d 2 Vcb = 6 . 8
d 5.42-5.46 m 2 —
j? kj P 5.60-5.63 m 8 —
U 1 9.28-9.33 m 6 —
& h, n 7.91-7.96 m 6 —
m 8 . 0 0 d 2
t";II
0 8.76 d 2 /on 6.5
s 5.11 s 4 —
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Effect o f Frechet Dendrons on Translational Isomerism 220
5.6.7 Synthesis of Compound 5-ll[PF6]s and 5-12[PF6]s
The same procedure as 5-l[PF6 ] 5 and 5-2[PF6]s was used with 4-18 instead of 
DB24C8. 5-11[PF6]s and 5-12[PF6]s were isolated as red/orange glassy products in 18% 
overall yield. [5 -ll[P F 6]s (0.0203 g, 10%, Rf = 0.42) 5-12[PF6]s (0.0219 g, 8 %, Rf = 
0.57)]. ESI-MS: m/z [5-11 -  2 PF6]2+ calc. 1010.8435, found 1010.8480, [5-11 -  3 PF6]3+ 
calc. 625.5742, found 625.5768, [5-11 -  4 PF6]4+ calc. 432.9396, found 432.9405, [5-11 -  
5 PF6]5" calc. 317.3589, found 317.3601, [5-12 -  2 PF6]2+ calc. 1401.0189, found 
1401.0213, [5-12 -  3 PF6]3+ calc. 885.6912, found 885.6932, [5-12 -  4 PF6]4+ calc. 
628.0274, found 628.0281, [5-12 -  5 P F ^  calc. 473.4291, found 473.4298.
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Figure 5-14 ’H NMR spectroscopic data for 5-ll[PF6]s in CD3CN at 298 K.
Proton 5 (ppm) Multiplicity # Protons J (Hz)
a, b, i-k, n, 0 , q, r 6.53-6.74 m 13 —
c-h, m 3.92-4.13 m 26 —
I 4.34 s 2 —
P 5.09 s 4 —
q-s, t-v 7.32-7.42 m 2 0 —
a 1.36 b 9 —
b, g, h, m, n 8.03-8.22 bm 1 0 —
c 8.69 b 2 —
d, e 5.20 bm 4 —
f 8.98 b 2 —
i,l 9.24 b 4 —
5.53 b 4 —
0 8.83 d 2 Io n  5.4
P 5.62 s 2 —
s 5.04 s 4 —
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Table 5-15 !H NMR spectroscopic data for 5-12[PF6]s in CD3CN.
Proton 8  (ppm) Multiplicity # Protons /(H z )
a, a, b, b, i-k, i-k, n, n. 0 , 0 , 
q>r
6.46-6.74 m 23 —
c-h, c-h, m 3.94-4.07 m 50 —
1 4.42 d 2 J =  2.0
1, m 4.28-4.30 m 4 —
P 5.02 s 4 —
P 5.01 s 4 —
q-s, q-s, t-v 7.32-7.43 m 30 —
a 1.13 s 9 —
b 7.71 d 2 3Jbc = 6.7
c 8.94 d 2 3Jcb = 6.7
d 5.43-5.45 m 2 —
e ,j,k ,p 5.57-5.60 m 8 —
f , i , l 9.29-9.32 m 6 —
" 5  h 7.96-8.01 m 4 —
m 8.03 d 2 V m, = 6.7
n 7.94 d 2 5Jno =  6.6
0 8.78 d 2 Von =  6.6
s 5.08 s 4 —
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5.6.8 Synthesis of Compounds 5-13[PF6]s and 5-14[PF6]s
DEDET[BF4]4 (0.061 g, 0.072 mmol) and 4-18 (0.121 g, 0.155 mmol) were 
dissolved in MeNCb (20mL) and stirred for five minutes. 4-15 (0.127 g, 0.157 mmol), a 
catalytic amount of TBAI (10 mg), water (15mL), CH2CI2 (2mL) and NKUPFetaq) (lmL), 
were added and the two layer reaction stirred at room temperature for 21 days. The 
organic layer was separated, washed with water (2  x 50mL), dried (MgSCL), concentrated 
(2mL) and precipitated from solution with diethyl ether (3 x 40mL). The red/orange 
precipitate was collected through Celite and subjected to column chromatography (SiCL, 
0.025M NH4PF6 in MeCbhCILCL, 7:3 to 3:2). Like fractions (as seen by NMR) were 
collected, anion exchanged (NH4PF6) and precipitated from MeNCb by slow diffusion of 
isopropyl ether to yield 5-13[PF6]s and 5-14[PF6]s as red/orange glassy solids in 10% 
overall yield [5-13[PF6]5 (0.0075 g, 4%, Rf = 0.44) 5-14[PF6]5 (0.0138 g, 6%, Rf = 
0.59)]. ESI-MS: m/z [5-13 -  2 PF6]2+ calc. 1222.9272, found 1222.9296, [5-13 -  3 PF6]3_ 
calc. 766.9634, found 766.9647, [5-13 -  4 PF6]4+ calc. 538.9815, found 538.9841, [5-13 -  
5 PF6]5+ calc. 402.1924, found 402.1940, [5-14 -  2 PF6]2+ calc. 1613.1027, found 
1613.0958, [5-14 -  3 PF6]3* calc. 1027.0804, found 1027.0823, [5-14 -  4 PF6]4+ calc. 
734.0692, found 734.0714, [5-14 -  5 PF6]54 calc. 558.2626, found 558.2599.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Effect o f  Frechet Dendrons on Translational Isomerism 224
r s
a b e d
Table 5-16 'H NMR spectroscopic data for 5-13[PF6]s in CD3CN at 298 K.
Proton 5 (ppm) Multiplicity # Protons
a, b, i-k, n, 0 , q, r, t, u 6.47-6.69 m 19
c-h, m 3.87-4.11 m 26
1 4.28 s 2
p, s,v 4.99-5.03 m 16
q-s, w-y 7.30-7.38 m 30
a 1.37 b 9
b, g, h, m, n 7.99-8.22 m 10
c 8.64 b 2
d, e 5.13-5.21 m 4
f 8.92 b 2
i , l 9.21 b 4
5.52 b 4
0 8.80 m 2
P 5.59 s 2
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r s
Table 5-17 ]H NMR spectroscopic data for 5-14[PF6]5 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z )
a, a, b, b, i-k, i-k, n, n, 0 , 0 , 
q, r, t, u
6.44-6.74 m 29 —
c-h, c-h, m 3.93-4.06 m 50 —
1 4.43 d 2 J=  2.0
1 4.25 s 2 —
m 4.29 d 2 J=  5.9
P 5.02 s 4 —
P 5.01 s 4 —
q-s, q-s, w 7.29-7.40 m 40 —
a 1.14 s 9 —
b 7.72 d 2 5/bc = 6.7
c 8.91 d 2 Vcb = 6.7
d 5.40-5.44 m 2 —
e, j ,  k, p 5.56-5.61 m 8 —
f 9.28 d 2 %  = 6.7
7.86-7.90 m 4 —
h, m 7.92-7.94 m 4 —
i 9.31 d 2 J/ih = 6.5
1 9.26 d 2 3J\m = 6.7
0 8.75 d 2 Von = 6.4
s 4.96 s 4 —
V 5.00 s 8 —
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5.6.9 Synthesis of Compounds S-lSfPF^ls and 5-16[PF6]s
DEDET[BF4]4 (0.051 g, 0.059 mmol), 4-19 (0.137 g, 0.114 mmol) were 
dissolved in MeNCb (15mL) and stirred for five minutes. 4-14 (0.049 g, 0.128 mmol), 
water (lOmL), and NFLPFataq) (lmL) were added and the two layer reaction stirred at 
room temperature for 21 days. The organic layer was separated, washed with water (3 x 
50mL), dried (MgS04) and concentrated. The orange residue was sonicated in toluene (3 
x 20mL) and the toluene was decanted and the residue was air dried. The residue was 
dissolved in MeCN (2mL) and the resulting yellow solid was filtered and the filtrate was 
concentrated to give a red/orange residue which was subjected to column 
chromatography (SiCb, 0.025M NH4PF6 in MeCNiCILCL, 3:2). Like fractions (as 
determined by NMR) were collected, anion exchanged (NFLPFe) and precipitated from 
MeCN by slow diffusion of isopropyl ether to yield 5-15[PF6]s and 5-16[PF6]5 as 
red/orange glassy products in 15% overall yield [5-15[PF6]s (0.0161 g, 10% Rf = 0.41), 
5-16[PF6]s (0.0115 g, 5% Rf = 0.58)]. ESI-MS: m/z [5-15 -  2 PF6]2+ calc. 1222.9272, 
found 1222.9292, [5-15 -  3 PF6]3+ calc. 766.9634, found 766.9653, [5-15 -  4 PF6]4+ calc. 
538.9815, found 538.9793, [5-15 -  5 PF6]5+ calc. 402.1924, found 402.1927, [5-16 -  2 
PF6]2+ calc. 1825.1864, found 1825.1913, [5-16 -  3 PF6]3+ calc. 1168.4695, found 
1168.4714, [5-16 -  4 PF6]4'  calc. 840.1111, found 840.1149, [5-16 -  5 PF6]5+ calc. 
643.0961, found 643.0946.
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V
Table 5-18 ]H NMR spectroscopic data for 5-15[PF6]s in CD3CN at 298 K.
Proton 8  (ppm) Multiplicity # Protons
a, b, i-k, n, 0 , q, r, q, r 6.54-6.75 m 19
c-h, m 3.88-4.11 m 26
1 4.33 s 2
P 4.98 s 4
s 5.02 s 8
t-v, t-v 7.29-7.40 m 30
a 1.36 b 9
b, g, h, m, n 8.03-8.23 bm 10
c 8.64 b 2
d, e 5.12-5.16 bm 4
f 8.93 b 2
i, 1 9.22 b 4
j> k ,p 5.52-5.57 bm 6
0 8.77 b 2
s 5.05 s 4
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V
V
Table 5-19 !H NMR spectroscopic data for 5-16[PF6]5 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a, a. b, b. i-k, i-k, n, n, 
0 , 0 , q, q, r, r, q, r
6.45-6.72 m 35 —
c-h, c-h, m 3.88-4.05 m 50 —
I 4.41 d 2 J=  2.9
1. m 4.24-4.31 m 4 —
P>P 4.93 s 8 —
s 5.01 s 8 —
s 5.00 s 8 —
t-v, t-v, t-v 7.30-7.39 m 50 —
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a 1.14 s 9 —
b 7.71 d 2 o ii ON
c 8.94 d 2 5Jcb = 6.7
d 5.41-5.45 m 2 —
e ,j, k ,p 5.57-5.61 m 8 —
f ,i ,I 9.28-9.29 m 6 —
g,h, m 8.00-8.06 m 6 —
n 7.97 d 2 3J n  o=6.2
0 8.80 d 2 Von =6.2
s 5.06 S 4
—
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5.6.10 Synthesis of Compounds 5-17[PF6]s and 5-18[PF6]s
DEDET[BF4]4 (0.049 g, 0.058 mmol) and 4-19 (0.137 g, 0.114 mmol) were 
dissolved in MeNCb (20mL) and stirred for five minutes. 4-15 (0.094 g, 0.116 mmol), 
dissolved in CH2CI2 (3mL), a catalytic amount of TBAI (5 mg), water (lOmL), and 
NH4PF6(aq) (lmL) were added and the two layer reaction stirred at room temperature for 
21 days. The organic layer was separated, washed with water (3 x 50mL), dried (MgS04) 
and concentrated. The orange residue was dissolved in a minimum amount of 
MeCN/toluene (5mL) and diethyl ether was added to precipitate an orange solid which 
was collected through Celite and stirred in methanol (20mL). The methanol was decanted 
and the residue was air dried before being subjected to column chromatography (SiC>2, 
0.025M NH4PF6 in MeCNiCH^Cb, 3:2). Like fractions (as determined by NMR 
spectroscopy) were collected, anion exchanged (NH4PF6) and precipitated from MeCN 
by slow diffusion of isopropyl ether to yield 5-17[PF6]s and 5-18[PF6]s as red/orange 
glassy products in 17% overall yield [5-17[PF6]s (0 .0201  g, 11% Rf = 0.39), 5-18[PF<;]5 
(0.0147 g, 6 % Rf = 0.57)]. ESI-MS: m/z [5-17 -  3 PF6]3+ calc. 908.3526, found 
908.3544, [5-17 -  4 PF6]4+ calc. 645.0234, found 645.0221, [5-17 -  5 PF6]5+ calc. 
487.0259, found 487.0271, [5-18 -  3 PF6]3+ calc. 1309.8587, found 1309.8571, [5-18 -  4 
PF6]4" calc. 946.1529, found 946.1552, [5-18 -  5 PF6]5_ calc. 727.9295, found 727.9299.
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Table 5-20 *H NMR spectroscopic data for 5-17[PF6]s in CD3CN at 298 K.
Proton 8  (ppm) Multiplicity # Protons
a, b, i-k, n, 0 , q, r, q, r, t, u 6.51-6.66 m 25
c-h, m 3.94-4.07 m 26
I 4.24 s 2
p, s, s, V 4.90-5.03 m 24
t-v, w-y 7.29-7.40 m 40
a 1.39 b 9
b, m, n 7.89-8.07 m 6
c 8.62 b 2
d, e 5.11-5.19 m 4
f 8.91 b 2
8.22-8.25 m 4
M 9.21-9.30 m 4
j?k ,p 5.52-5.55 m 6
0 8.72 b 2
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Table 5-21 'H NMR spectroscopic data for 5-18[PF6]s in CD3CN.
Proton 5 (ppm) Multiplicity # Protons /(H z )
a, a, b, b, i-k, i-k. n, n. 0 , 
0 , q, q. r, r, q, r, t, u 6.48-6.71 m
41 —
c-h, c-h, m 3.90-4.02 m 50 —
1 4.41 b 2 —
I 4.21 d 2
00c-iII
m 4.27 d 2 7= 5 .4
p, s, p, s, s, V 4.86-5.01 m 36 —
t-v, t-v. w-y 7.28-7.38 m 60 —
a 1.15 s 9 —
b 7.72 d 2 O 11
c 8.90 d 2 3Job = 6.7
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d 5.38-5.40 m 2 —
e , j , k , p 5.52-5.57 m 8 —
f 9.25 d 2 %  = 6.3
g ,h ,m 7.87-7.91 m 6 —
i 9.29 d 2 Vih = 6.5
1 9.22 d 2 '■Tim — 6.5
n 7.81 d 2 5/ no=6.4
0 8.70 d 2 3Jon = 6.4
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APPENDIX A  Sample Graph Showing Activation Energy Calculation
Compound 5-3 (G2/DB24C8)




Ea = 68 kJm ol'
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